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< 



YAWEI NI declares that: 

1. I am a co-inventor of, and familiar with, the present U.S. Patent Application Serial 
No. 10/059,627, filed January 29, 2002, in the name of Yawei Ni, and entitled "Combination of a 
Growth Factor and a Protease Enzyme." I am also familiar with the Official Action dated August 
23, 2005 issued therein. 

2. I am over 2 1 years old. I have worked as a Research Scientist/Fellow specializing in 
carbohydrate polymer, drug delivery, wound healing, and immunology for the last 10 years at 
Carrington Laboratories Inc. I graduated from Texas A&M University in 1991 with a Ph D in 
Microbiology/Immunology and a heavy concentration in courses on cell biology. 
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3. I personally prepared and conducted the examples described in the current patent 
application. 

4. The current patent application relates to achieving a synergistic effect on proliferation 
and migration of epithelial cells during wound healing process through a stable combination of a 
protein growth factor related to epithelial cell function (promoting cell proliferation) and a protease 
capable of clearing extracellular matrix (so that epithelial cells can migrate). As indicated in the 
current application, there are several growth factors and proteases with the respective functions, 
including those used in the specifications (see Table 1) and those known to possess the respective 
functions but not used in the specification (see Table 2). In the future, more growth factors and 
proteases of such respective functions may be identified. In light of the examples described in the 
current patent application, any person of ordinary skill in the art would be able to select a growth 
factor related to epithelial cell function and a protease related to clearance of extracellular matrix to 
formulate a desired combination of the two corresponding to the claimed subject matter for 
achieving a synergistic effect. The combinations that could be formulated are not limited to those 
including only KGF and plasmin (or plasminogen) that are disclosed in Examples 1-5. Indeed, the 
discovery is not only related to the combination of these two particular agents, but more importantly 
also the combination of two such agents in the respective functional groups for achieving a 
synergistic effect. 

5. The descriptions and teaching of the current patent application provide sufficient 
guidance for any person of skill in the art to produce viable and effective combinations of growth 
factors and protease enzymes that are encompassed by the claimed subject matter without undue 
experimentation. The amount of experimentation required would be well within the accepted 
amount in this field. 

6. All the growth factors and protease enzymes in Tables 1 and 2 can be readily 
obtained from Sigma Chemical Co. (St. Louis, MO), Calbiochem (San Diego, CA), R&D Systems 
(Minneapolis, MI), and Peprotech (Rocky Hill, NJ). Based on the invention disclosed in the current 
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application, one can simply follow Examples 1-4 to mix any one of the growth factors with any one 
of the proteases from the lists in Tables 1 and 2. 

7. Certain combinations would be ineffective for the present invention, because the 
protease may destroy the growth factor, therefore yielding no stable and effective combination as 
demonstrated with plasmin and KGF-2 (FGF-10) shown in Example 7. However, it is possible that 
other combinations would be stable and effective in producing the synergistic effect as with plasmin 
and KGF shown in Examples 1-4. The destruction of the growth factor by protease or a lack of it 
can be readily identified by following the examples for performing electrophoretic analysis and 
biological function testing for the growth factors after the combination (Examples 1 -5). The 
conditions for the combination, including concentrations of growth factors and proteases, pH and 
ionic strength of the buffer, and incubation temperature and length, have also been described in the 
examples and are described again below. 

8. Specifically, one can mix 0.1 - 5 \xg of a growth factor with a protease at different 
concentrations from a few nanograms (ng) to a few micrograms (jxg) in 20-50 \il reaction volume. 
Reaction buffer can commonly be a buffered physiological saline at a pH of 7.0-7.4. A control 
reaction containing no protease should also be included. The mixture is then incubated at 37 °C for 
30 min - 120 min and then mixed with gel sample buffer and subjected to gel electrophoresis based 
on well known standard protein electrophoresis procedures found in the references cited in the 
application as well as other sources. In particular, see Current Protocols of Molecular Biology, 
Chapter 10 (Ausubel et al., Eds., John Wiley & Sons, 1994 - 2005), a copy of pertinent pages of the 
Table of Contents is attached as Exhibit 1; and Ron et al., "Expression of Biologically Active 
Recombinant Keratinocyte Growth Factor: Structure/Function Analysis of Amino-Terminal 
Truncation Mutants," J. Biol Chem. 268, 2984-2988 (1993), a copy of which is attached is Exhibit 
2. A disappearance of the growth factor protein band on the gel without a concurrent appearance of 
a smaller fragment indicates the complete degradation of the growth factor and therefore that this 
particular pair of the growth factor and the protease can not be mixed to achieve a stable 
combination. On the other hand, if the growth factor protein band remains intact or a smaller 
fragment appears in place of the original growth factor band after the digestion, the growth factor 
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will be deemed stable in the presence of the protease and thus a combination of the two is feasible. 
In Examples 1-4, analytical procedures for identifying a stable pair (KGF and plasmin) and an 
unstable pair (KGF-2 and plasmin) have been provided. Further examples of this analysis can also 
be found in Sommer and Rifkin, "Interaction of Heparin With Human Basic Fibroblast Growth 
Factor: Protection of the Angiogenic Protein from Proteolytic Degradation by a 
Glycosaminoglycan Journal of Cellular Physiology 138, 215 - 220 (1989), a copy of which is 
attached as Exhibit 3. 

9. The feasibility for combination is then readily confirmed using a biological function 
assay as all growth factors have a certain function. All growth factors including those in Tables 1 
and 2 have a biological assay for testing its function as all of them can be measured based on the 
biological activity. The information and procedure for such assay can be readily found in suppliers' 
catalogues (listed above), product data sheets, experimental manual books, and literature cited in the 
application as well as other sources. In particular, see McKay, LA., "Types of Growth Factor 
Activity: Detection and Characterization of New Growth Factor Activities," and Van Doelen et al., 
"Detection of Polypeptide Growth Factors: Application of Specific Bio-Assays and PCR 
Technology/' Growth Factors: A Practical Approach (Oxford, NY, IRL Press at Oxford University 
Press, 1993), copies of both with pages of the Tables of Contents are attached as Exhibit 4; 
Mosmann, T., "Rapid colorimetric assay for cellular growth and survival: Application to 
Proliferation and Cytotoxicity Assays," J. Immunol. Methods 65 (1 - 2) 55 - 63, Dec. 16, 1983, a 
copy of which is attached as Exhibit 5; Martin, Bernice M., Tissue Culture Techniques: An 
Introduction (Boston, Birkauser, 1994), a copy of the Table of Contents is attached as Exhibit 6; 
Aaronson et al., "Keratinocyte Growth Factor: A Fibroblast Growth Factor Family Member with 
Unusual Target Cell Specificity," Annals of the New York Academy of Sciences 638, 62-77 (1991), a 
copy of which is attached as Exhibit 7; Rubin, et al, "Purification and Characterization of a Newly 
Identified Growth Factor Specific for Epithelial Cells," Proa Natl Acad. ScL USA 86: 802-806 
(1989), a copy of which is attached as Exhibit 8. As an example of a growth factor supplier's 
catalogue, the data sheets for the growth factors listed in Tables 1 and 2 of R&D Systems' 2006 
Catalog (Minneapolis, MN) are attached as Exhibit 9, which provide, among other things, the 
reference for the biological activity assay. In most cases, the assay is a cell proliferation test using a 
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certain type of cells such as epithelial cells, since growth factors are protein factors that stimulate 
cell division or proliferation. The cell proliferation assay used in Example 5 is a good example. 
Thus, if a growth factor is degraded in a combination with a protease, its biological function will also 
be lost when tested by the biological assay. On the other hand, if the growth factor is stable in a 
combination with a protease, its biological function will be intact, thus confirming that a 
combination of the two is feasible. All these procedures described above can be readily found in 
published literature and experimental manual books. Information on growth factors and proteases 
can also be readily found in published literature and product information sheets. All these are well 
known to one of ordinary skill in the field and can be carried out without any undue experimentation. 

1 0. Together, such combinations can be achieved without any undue experimentation and 
are indeed within the scope of the discovery as it is understood by those of skill in the art. Again, the 
invention was made with one pair of growth factor and protease, but the essence of the invention is a 
combination of a growth factor related to epithelial cell function and a protease related to clearance 
of extracellular matrix for achieving a synergistic function. 
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II. I hereby declare that aEl statements made herein of my own knowledge are true and 
thai ail statements made on information and belief are believed to be true; and further that these 
statements were made with the knowledge that willful false statements and the like ao made arc 
punishable by fine or imprisonment, or both, under Section 10QI of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issued thereon. 



Respectfully submitted* 
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Keratinocyte growth factor (KGF) is a newly iden- 
tified member of the fibroblast growth factor (FGF) 
family (FGF-7). KGF is expressed by stromal fibro- 
blasts and acts on epithelial cells in a paracrine mode. 
To facilitate structure/function studies, we utilized the 
T7 prokaryotic expression system to synthesize this 
growth factor. Recombinant KGF (rKGF) was myo- 
genic with a specific activity around 10-fold higher 
than native KGF. By in vitro mutagenesis, we gener- 
ated a series of KGF mutants with sequential deletions 
of the amino- terminal domain, the most divergent re- 
gion among different FGF members. Mutant proteins, 
produced in bacteria, were tested for their ability to 
bind heparin, bind and activate the KGF receptor, and 
induce DNA synthesis. Heparin binding properties 
were preserved with deletion of up to 28 amino-ter- 
minal residues of the mature KGF but lost by the dele- 
tion of an additional 10 residues. Biological activity of 
mutants with deletions of up to 10 residues was com- 
parable to that of rKGF. However, deletion of 29 res- 
idues resulted in significantly reduced ability to stim- 
ulate KGF receptor tyrosine-kinase activity and DNA 
synthesis, although this mutant bound the receptor at 
high affinity. These characteristics of a partial agonist 
may be useful in the development of competitive antag- 
onists of KGF action. 



Keratinocyte growth factor (KGF) 1 is a recently identified 
member of the FGF family (FGF-7) (1). Unlike other members 
of this family with a whole spectrum of target cells, KGF 
appears to be restricted in its activity to epithelial cells (2). 
Its expression by stromal fibroblasts of many epithelial tissues 
suggests a role for KGF as a major paracrine mediator of 
epithelial cell proliferation. Recently, a high affinity receptor 
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for KGF was cloned and found to be an alternatively spliced 
isoform of fibroblast growth factor receptor-2 (6efc/FGFR2) ' 
(3, 29). KGF was initially purified from conditioned medium 
of human embryonic fibroblasts (2). To obtain large quantities 
of the growth factor required for structure/function studies, 
we sought to express recombinant KGF in bacteria. We report 
here a method that produces high yields of functional human 
recombinant KGF. We have utilized this expression system 
as a means to generate and characterize KGF mutants with 
the goal of localizing domains important for KGF biological 
function. 

MATERIALS AND METHODS 

Construction of Recombinant Plasmids— Plasmid pet8C (4) was 
initially used to clone the KGF coding sequence. This insert was 
adapted for cloning into the Ncol/BamUl sites of pet8C by means of 
the polymerase chain reaction (PCR) (5, 6), as described under 
"Results." The recombinant plasmid, propagated in HB101 cells, was 
used to transform BL21(DE3) plys E (4) for induction of KGF 
expression. 

Amino-terminally truncated KGF mutants were generated by the 
PCR technique (5, 6). A pair of oligonucleotide primers was used to 
generate each of the mutants; one was derived from the carboxyl- 
terminal region of the KGF open reading frame common to each 
mutant: ttg gat cca tta agt tat tgc cat agg aag. The second primer was 
derived in each case from sequence immediately distal to the region 
to be deleted (Table I). Ndel and BamHI sites were included in the 
amino-terminal and carboxyl-terminal oligonucleotide primers, re- 
spectively, to allow cloning of the amplified inserts into the pet3C 
plasmid. An Ndel site in the KGF coding sequence was first elimi- 
nated using two steps of site-directed mutagenesis which did not 
change the primary amino acid sequence. 

DNA was amplified by PCR as described previously (6). Briefly, 1 
ng of plasmid DNA containing KGF cDNA was used as a template. 
Amplification was performed for 25 cycles at 94 °C for 1 min, 62 *C 
for 1 min, and 72 °C for 3 min in a total volume of 100 nl The 
amplified DNA was purified by Sephadex G-50 spin columns and 
subjected to restriction enzyme digestion to allow cloning into the' 
appropriate vectors. Plasmid DNA was prepared from positive colo- 
nies, and the nucleotide sequence of each mutant was confirmed using 
the dideoxy sequencing method (7). 

Production and Purification of Recombinant Human KGF— 

Table I 
Second primer generated by PCR 
The second primer was derived from the sequence immediately 
distal to the region to be deleted. 



Mutant Deletion 



Primer 



K10 1-34 ate ata tga etc cag age aaa tg 

Kll 1-39 ate ata tgg aag gag ggg ata ta 

K12 1-58 ate ata tgg aag gag ggg ata ta 

K13 1-69 ate ata tgt ttt gtc gaa cac agt ggt ac 

K14 1-79 ate ata tga aaa gag gca aag ta 
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EXHIBIT 2 



BL21(DE3) plys E cells bearing recombinant plasmid were grown at 
37 *C in terrific broth (8) containing 100 tig/m\ ampicillin. When A^ b 
reached 1.0, isopropyl l-thio-/8;-D-galactopyranoside (1 mM) was 
added, cultures were incubated for 3 h, and cells were collected by 
centrifugation. The cell pellet was resuspended in TENG buffer (10 
mM Tris-HCl, 200 mM NaCl, 1 mM EDTA, '5 mM MgCl 2 , pH 7.5) 
containing protease inhibitors, and the cells were lysed by three 
successive cycles of freezing and thawing. The lysate was disrupted 
by sonication, cleared by centrifugation, and the supernatant was 
frozen prior to growth factor purification. 

Purification of recombinant KGF was performed by applying the 
bacterial supernatant to a heparin-Sepharose column (4-ml bed vol- 
ume). The column was washed with phosphate buffer (50 mM, pH 
7.2, containing 0.2 M NaCl) until the absorbance fell to near base line 
and then subjected to a linear step gradient of increasing NaCl 
concentration. Aliquots from fractions were analyzed by SDS-PAGE 
and tested for mitogenic activity. Selected fractions were concentrated 
10-20-fold with a Centricon-10 microconcentrator (Amicon). The 
concentrated fractions were diluted in 50 mM phosphate buffer, pH 
6.8, and subjected to fast protein liquid chromatography/Mono S 
cation exchange chromatography using a gradient of increasing NaCl 
concentration. rKGF was eluted around 0.45 M NaCl. The amino acid 
composition and final concentrations of purified KGF and KGF 
mutants were determined by amino acid analysis. 

Protein Detection, Binding Assays, and Mitogenic Activity— Poly- 
acrylamide gels were prepared with SDS by the procedure of Laemmli 
(9). Samples were boiled for 3 min in the presence of 2.5% (v/v) 2- 
mercaptoethanol. The gels were fixed and silver stained (10) by using 
the reagents and protocol available from Bio-Rad, or they were 
transferred without fixation to polyvinylidene difluoride membranes 
for immunoblotting. Rabbit polyclonal antisera raised against full- 
length KGF or synthetic peptides corresponding to KGF residues 33- 
44 or 179-194 (where residue 1 is the initiation codon in the KGF 
open reading frame) were used for KGF detection. Immunoprecipi- 
tation and immunoblotting of cellular proteins phosphorylated on 
tyrosine in response to KGF were performed as described previously 
(l«j 

I-KGF binding and competition experiments were performed 
using NIH/3T3 cells transfected with the murine KGF receptor as 
described previously (3, 11). DNA synthesis was measured by [ 3 H] 
thymidine incorporation. Balb/MK cells, plated in 96-well microtiter 
plates, were serum starved for 48 h, treated with growth factor, and 
processed as described previously (2). 

RESULTS 

Construction of a Prokaryotic KGF Expression Vector— For 
prokaryotic expression of KGF, we utilized the pet8c vector 
containing the promoter of the highly expressed 010 gene of 
bacteriophage T7 (4). This vector contains the first 11 amino 
acids of 010 as well as a T<f> transcription termination signal 
recognized by the T7 RNA polymerase. The amino-terminal 
residues of the T7 010 gene product were excised, and one of 
the upstream cloning sites was used to express the KGF gene 
product. The sequence corresponding to KGF residues Ala 31 
to Thr 194 was amplified by PCR. The 5' and 3' ends of the 
DNA were designed to include JVcoI and BamHl recognition 
sites, respectively, to allow cloning of the insert into the Ncolf 
BamHl sites of pet8c. An amino-terminal methionine codon 
was included for initiation of translation. This construct was 
designated k4-9 (Fig. 1). 

The amino acid sequence of mature KGF purified from 
human fibroblast culture fluids consists of Cys 32 -Thr 194 , num- 
bered from the KGF initiation codon (1). We included Ala 31 
in our prokaryotic expression vector because the codon which 
follows the AUG can influence the translation efficiency of 
prokaryotic proteins (12). Cys in this position has been shown 
to reduce translation efficiency, and it rarely exists in this 
position in highly expressed proteins (12). In contrast, Phe, 
Ala, and Lys are commonly found in this position, and these 
amino acids do not decrease translation efficiency. 

Expression and Characterization of Recombinant KGF— We 
initially attempted to express recombinant KGF (rKGF) in 
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Fig. 1. Construction of the k4-9 KGF expression vector. 
Panel A, the amino acid sequence of recombinant KGF. Primers used 
for amplification are indicated at the amino and carboxyl termini of 
the inset The numbering corresponds to that of the native KGF 
polypeptide. Panel B, schematic representation of the KGF expres- 
sion vector. The KGF coding sequence was cloned into the Ncol and 
BamHl sites of the pet8c vector, which contains the promoter of the 
T7 010 gene and the 010 transcription termination signal. amp r , 
ampicillin resistance gene; tetf , tetracyclin resistance gene; on, origin 
of replication. 

BL21(DE3) plys E cells. However, KGF was highly toxic to 
these cells, and their growth was dramatically inhibited even 
by basal levels of KGF expression in the absence of isopropyl 
l-thio-0;-D-galactopyranoside induction. We next analyzed 
BL21(DE3) plys E cells, which express a T7 RNA polymerase- 
specific inhibitor, the T7 lysozyme (13). This inhibitor reduces 
the basal level of target gene expression prior to induction 
and thereby minimizes potential toxic effects (4). Since 
expression of the T7 lysozyme is also driven by the T7 RNA 
polymerase promoter, its level of expression also increases 
upon induction, resulting in slower accumulation of the target 
protein (4). In this system, by 4 h postinduction, rKGF 
comprised 1-2% of the total cellular protein (data not shown). 

rKGF was purified as described under "Materials and Meth- 
ods" and eluted from heparin-Sepharose in 0.5 M NaCl as 
determined by mitogenic assay on Balb/MK cells. The elution 
profile from the Mono S cation exchange column revealed 
two protein peaks, both of which had mitogenic activity on 
Balb/MK cells (Fig. 2A). Silver staining of the Mono S peak 
fractions showed that rKGF was purified to homogeneity (Fig. 
2B, fourth through seventh lanes). The apparent molecular 
mass of the polypeptide from the first peak was around 21 
kDa, as expected for the intact rKGF product, whereas that 
of the polypeptide(s) eluted in the second peak was 16-17 
kDa (Fig. 2B, eighth and ninth lanes). 

Amino acid analysis of the 21 -kDa protein observed by 
silver stain revealed that its composition was in good agree- 
ment with the predicted KGF sequence (data not shown). To 
prove that the 21-kDa protein was indeed rKGF and to 
investigate the smaller protein(s) further, we subjected the 
Mono S peak fractions to immunoblot analysis. As shown in 
Fig. 3A, antiserum directed against purified KGF readily 
recognized both the 21-kDa and smaller recombinant pro- 
tein(s). In contrast, antiserum raised against an amino-ter- 
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Fig. 2. Purification of rKGF. Panel A, mitogenically active 
fractions eluted from the heparin -Sepharose column were processed 
as described under "Materials and Methods," loaded onto a Mono S 
ion exchange column, and eluted with a linear gradient of increasing 
NaCl concentration. The Mono S elution profile is indicated by the 
solid line. Biological activity (dashed line) was determined by meas- 
uring the incorporation of [ 3 HJthymidine into Balb/MK cells. Two 
distinct peaks of biologically active protein were obtained (indicated 
^" merals 1 fl nd // above the elution profile). Panel B, 14% SDS- 
PAGE analysis of selected fractions from the heparin-Sepharose and 
Mono S columns. Proteins were detected by silver stain as described 
under Materials and Methods." L, bacterial lysate; HS, peak frac- 
tions from heparin-Sepharose column; MSI, Mono S peak I (indicated 
in panel A ); MSII, Mono S peak II (indicated in panel A ). 
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FIG 3. Immunodetection of rKGF. Starting material (st) and 

d C ao J raCtl ° nS from the Mono S column were analyzed by SDS- 
PAGE, transferred to nitrocellulose, and rKGF was detected using 
lUrf antiserum raised against the entire molecule (panel A) or 
against an amino-terminal synthetic peptide corresponding to KGF 
residues 33-44 (panel B). 

Table II 

Response of Balb/MK cells to mitogens in the presence 
or absence of heparin 
Data are from one representative experiment performed in tripli- 
cate, and are expressed as mean cpm ± S.D. 



Treatment 



[ 3 H] Thymidine incorporation 



-Heparin 



+ Heparin* 



Background 
rKGF (5 ng/ml) 
M426 KGF* 
EGF (10 ng/ml) 
aFGF (10 ng/ml) 



170 ± 64 
76,841 ± 6,254 
73,659 ± 8,330 
20,004 ± 2,665 
20,550 ± 4,128 



cpm 



136 ±8 
17,829 ± 4,140 
13,090 ± 4,507 
13,135 ± 765 
47,645 ± 13,217 



t Concentration of heparin - 20 M g/ml (-3 units/ml). 
Estimated to be approximately an order of magnitude higher 
concentration than bacterially expressed KGF. 

^m al rr K i GFpeptide Teco ^ lzed °nly the 21-kDa protein (Fig. 
6Bh _ laken together, these results established that both re- 
combinant proteins were KGF products and that the smaller 
proteins reflected proteolysis of the KGF amino terminus. 

A hallmark of FGF family members is their ability to bind 
heparin. For aFGF and hst, it has been reported that heparin 
can augment their biological activities (14, 15). Thus, we 
examined the effect of heparin on the mitogenic activity of 
native and recombinant KGF. Table II shows that, unlike 



aFGF and hst, the mitogenic activities of both natural, * 
occurring and rKGF were significantly inhibited by hebarT^ 
When the concentration dependence of rKGF mitogenic^* 
tivity on Balb/MK cells was compared with that of the nafo£ 
protein purified from M426 fibroblasts, we found that tir 
dose required for half-maximal stimulation by rKGF was?' 
ng/ml. This was in striking contrast to native KGF which 
required a 10-fold higher concentration to achieve a similaV 
level of activity (Fig. 44). The molecular masses observed fof 

S . m d £t tiVe KGF were 21 md 26 ~ 28 kDa > respectively 
(Fig. 4B). The faster mobility of rKGF likely reflects t& 
absence of glycosylation of the bacterially expressed proteiij 
Whether this accounts for its greater specific mitogenic activ - 
lty remains to be determined. 

Expression and Characterization of KGF Arnino-tehn]kv 
Mutante-Comparison of the predicted amino acid sequence 1 
of KGF with that of other FGF family members revealed 
greatest divergence from KGF in their amino-terminal do- 
mains* Since amino-terminal proteolytic digestion resulted in" 
rKGF products with mitogenic activity, we sought to study 
more thoroughly the effects of sequential amino-tenninal 
deletions on KGF biological properties. Mutants were gener- 
ated by PCR as described under "Materials and Methods." 
We took advantage of the presence of Met codons within the 
KGF open reading frame at positions 35, 40, and 59 and 
deleted sequences 5' of each of these codons. Two additional 
mutants were engineered in which the first 70 or 80 residues 
of the mature KGF polypeptide were deleted, and an AUG 
codon was added to initiate translation. A schematic diagram 
of each mutant is shown in Fig. 5&. 

K10, Kll, and K12 retained the ability to bind heparin and 
eluted at the same salt concentration as the parental molecule 
(data not shown). Whereas K13 and K14 mutants were ex- 
pressed at levels similar to wild type rKGF (Fig. 5B), these 
mutants completely lost the ability to bind heparin. Attempts * 
to purify K13 and K14 using Mono S or CM-Sephadex resins 
were also unsuccessful. Since K13 and K14 lacked detectable 
mitogenic activity, they were not characterized further. K10, 
Kll, and K12 mutants were purified to homogeneity by Mono 
S chromatography (Fig. 5C) and their identities confirmed by 
immunoblot analysis using rabbit polyclonal antisera directed : 
against a synthetic peptide derived from the KGF carboxyl- 
terminal sequence (Fig. 5D). 

We next investigated the abilities of K10, Kll, and K12 . 
mutants to displace radiolabeled KGF from its receptor, trig-" 
ger receptor-kinase activity, and stimulate Balb/MK DNA 
synthesis. Each of the mutants effectively displaced 126 I-KGF 
bound to NIH/3T3 cells overexpressing the KGF receptor 
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Fig. 4. Comparison of the molecular weights and mitogenic 
activities of recombinant and native KGF. Panel A, following 

SDS-PAGE, recombinant (left lane) and native (right lane) proteins 
were transferred to nitrocellulose and immunoblotted with antisera 
raised against native KGF purified from M426-conditioned media. B, 
mitogenic activity was assessed using Balb/MK cells as described 
under "Materials and Methods." 
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we incubated equal amounts of KGF or K12 at 37 °C in 
Dulbecco's modified Eagle's medium in the presence or ab- 
sence of Balb/MK cells for 48 h. The medium was then 
removed, clarified by centrifugation, and tested for mitogenic 
activity. We observed no evidence that K12 was relatively 
more labile by this type of analysis. 
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Fig. 5. Generation and expression of amino-terminal trun- 
cation mutants of KGF. Panel A, arrows indicate the sites of amino- 
terminal truncation for KGF mutants K10-K14. The numbers above 
the sequence refer to KGF residues as predicted from the M426 cDNA 
coding sequence. For rKGF, K13, and K14, an ATG codon was added 
to initiate translation (see "Materials and Methods"). Panel B, anti- 
KGF immunoblot analysis of the level of expression of K13, K14, 
and rKGF in bacterial lysates. Molecular mass markers are indicated 
n kDa at right. Panel C, silver-stained SDS-PAGE gel of purified 
recombinant proteins. M, molecular mass standards. Panel D, im- 
munodetection of recombinant proteins with an antipeptide sera 
directed against the carboxyl terminus of KGF. Molecular mass 
markers for panels C and D are indicated in kDa by arrows at right. 

(Fig. 64). We have reported previously that KGF induces 
tyrosine phosphorylation of a 90-kDa protein (11). As shown 
in Fig. 6B, mutant K10 induced tyrosine phosphorylation of 
pp90 to the same extent as rKGF. Similar results were ob- 
tained with mutant Kll (data not shown). However, phos- 
phorylation of pp90 by K12 was significantly less than ob- 
served with rKGF or KlO under the same conditions (Fig. 
65). * 

As shown in Fig. 6C, each of the mutant proteins induced 
DNA synthesis in quiescent Balb/MK cells. However, only 
mutants KlO and Kll were as potent as rKGF. The half- 
maximal activities of rKGF, KlO, and Kll were in the range 
of 1-2 ng/ml. In contrast, K12 displayed 10-20-fold reduced 
mitogenic activity. To exclude the possibility that the lower 
biological activity of mutant K12 was because of its instability, 



DISCUSSION 

We demonstrate that recombinant expression of KGF in 
bacteria results in efficient production of biologically active 
growth factor. We estimate that in the inducible system 
utilized, rKGF represented as much as 1-2% of bacterial 
proteins. By means of heparin -Sepharose chromatography, it 
was possible to achieve a preparation that was approximately 
90% pure. Subsequent Mono S cation exchange chromatog- 
raphy led to an essentially homogeneous rKGF preparation, 
making this system practical for producing large quantities of 
pure recombinant growth factor. 

Recombinant KGF was substantially more active as a mi- 
togen than the native molecule. Since both proteins were 
purified to homogeneity, the 10-fold greater specific activity 
of rKGF likely reflects differences in intrinsic properties. 
Consistent with the presence of a potential Asn-linked gly- 
cosylation site in its predicted amino acid sequence (1), KGF 
expressed in mammalian cells is glycosylated, as evidenced by 
its increased electrophoretic mobility when synthesized by 
cells exposed to tunicamycin. 2 Thus, the smaller apparent size 
of rKGF as compared with the native molecule likely reflects 
lack of glycosylation in the bacterial expression system. 
Whether the absence of glycosylation is responsible for the 
greater specific mitogenic activity of rKGF remains to be 
elucidated. 

The mitogenic activities of both rKGF and native KGF 
were found to be strongly inhibited by heparin. Yet, heparin 
has been shown to protect aFGF and bFGF from heat inact- 
ivation and proteolytic digestion (for review see Ref. 14) and 
to stabilize K-FGF/HST/FGF-4 (15). Recently, it was re- 
ported that interaction with heparin or heparin sulfate type 
proteoglycans is essential for bFGF binding to its high affinity 
receptor as well (16, 17). However, the effect of heparin on 
bFGF mitogenic activity appears to be cell type-dependent. 
Shipley et al (18) showed that heparin concentrations as high 
as 10 Mg/ml had no effect on bFGF mitogenic activity for 
human fibroblasts but markedly reduced its activity on human 

2 D. Ron, unpublished data. 
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keratinocytes (18). Heparin inhibition of bFGF mitogenic 
activity has been observed with Balb/MK cells as well (19). 
Thus, it is possible that the inhibitory effect of heparin on 
KGF mitogenic activity also may be cell type-dependent. 

By analysis of a series of genetically engineered or naturally 
occurring rKGF amino-terrainal truncation mutants, it was 
possible to define the extent to which such residues contribute 
to KGF heparin binding properties and mitogenic activity. 
Deletion of as many as 28 residues from the amino terminus 
of the mature molecule did not affect heparin binding prop- 
erties, but deletion of an additional 10 amino acids resulted 
in complete loss of heparin binding. This domain contains 3 
positively charged amino acids, which might contribute di- 
rectly to heparin binding. Efforts to localize heparin binding 
sites in aFGF and bFGF have led to evidence that their 
carboxyl-terminal halves are involved (20-24). Since these 
molecules share significant similarity to KGF, it is possible 
that the amino-terminal deletion resulting in loss of KGF 
heparin binding affects the tertiary structure in such a way 
as to affect heparin binding sites indirectly in the carboxyl 
terminus of the molecule. Thus, more subtle mutagenesis will 
be required to localize KGF heparin binding domains pre- 
cisely. 

Mitogenic activity was retained by K10 and Kll mutants 
as well as by amino-terminal proteolytic digestion products 
of rKGF, whose mobilities suggest loss of the first 18-19 
amino-terminal residues. The K12 mutant, which lacked 28 
residues, retained the capacity for high affinity receptor in- 
teraction but showed substantially decreased ability to acti- 
vate the receptor kinase and stimulate cell DNA synthesis. A 
previously reported aFGF mutant with a Gly substitution for 
Lys 132 (22) has been reported to exhibit substantially reduced 
mitogenic activity but no detectable loss of ability to stimulate 
early events including tyrosine phosphorylation of p90 and 
phospholipase C7 as well as the transcriptional activation of 
fos and myc genes (22, 25). Thus, both mutants imply that 
high affinity receptor binding is not sufficient to initiate the 
cascade of biochemical events required for a mitogenic re- 
sponse. 

Accumulating evidence indicates that a number of growth 
factors activate their receptors by inducing receptor dimer 
formation (for review see Ref. 26). This appears to be the case 
for FGF receptors as well (30). The most well studied ligand 
receptor interactions involve growth hormone and its recep- 
tor, in which crystallography of the ligand- receptor complex 
has revealed that two separate sites in the growth hormone 
molecule bind to identical sites on two receptors (27). Re- 
cently, a potent competitive antagonist of growth hormone 
action has been generated by mutagenesis which enhances 
site 1 and diminishes site 2 binding. By this approach, the 
antagonist competes effectively for receptor binding and 
blocks dimer formation required for receptor activation (28). 



It will be of interest to determine whether the Kl2 mutant 
acts as a partial agonist through a similar mechanism The 
ability to generate large quantities of rKGF should make it 
possible to explore KGF structure/function relationships far* 
ther as well as to investigate possible applications of this 
growth factor to clinical conditions requiring enhanced epi- 
thelial cell renewal. 
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Interaction of Heparin With Human Basic 
Fibroblast Growth Factor: Protection of the 
Angiogenic Protein From Proteolytic 
Degradation by a Glycosaminoglycan 
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Fibroblast growth factors (FGF) are a family of heparin-binding angiogenic 
polypeptide mitogens. In the presence, of heparin, recombinant human basic 
fibroblast growth factor (bFGF) is fully protected from tryptic digestion and 
partially protected from chymotryptic digestion. Complete protection of bFGF by 
heparin is achieved at ratios of growth factonheparin of approximately 10 or less 
(w/w). The protection requires bioactive bFGF because inactivated bFGF is 
rapidly degraded by trypsin or chymotrypsin in the presence of heparin. The 
bFGF-heparin interaction forms hydrophobic complexes which become insoluble 
in aqueous buffers at bFGF:heparin ratios of 8 to 1 0 (w/w). The heparin was found 
to bind up to a tenfold excess of bFGF on a weight basis. bFGF in the presence 
of heparin is as active as bFGF alone in inducing 3 H-thymidine incorporation into 
Swiss 3T3 fibroblast DNA. 




Fibroblast growth factors (FGF) are angiogenic poly- 
peptide mitogens with a broad target-cell specificity 
(for reviews see Folkman and Klagsbrun, 1987; Gos- 
: podarowicz et al., 1987; Baird et al., 1986). FGFs bind 
stronl/ to heparin (Maciag et al., 1984; Shing et al., 
1984), and this property facilitates their purification 
from many tissues and cell lines (Lobb et al., 1986). 
Based in part on the specific affinity for heparin, FGFs 
can be classified either as acidic (aFGF) or basic 
fibroblast growth factors (bFGF) (Klagsbrun and 
Shing, 1985). Purified FGFs are structurally and func- 
tionally labile proteins: they are readily cleaved by 
proteases (Klagsbrun et al., 1987; Sommer et al., 1987) 
and are rapidly inactivated by heat and low pH (Gos- 
porinrowicz and Cheng, 1986). At 37°C and at neutral 
pH, the half-life in vitro of FGF is reported to be 24 
hours (Westail et al., 1983). 

The interaction of heparin with aFGF has been 
shown to potentiate its activity (Schreiber et al., 1985; 
Thornton et al., 1983) and restores bioactivity to inac- 
tive growth factor. Heparin also protects both aFGF 
and bFGF from heat- and acid-inactivation (Gospoda- 
rowicz and Cheng, 1986). Human bFGF bound to 
endothelial cell-derived heparan sulfate is protected 
from degradation by plasmin (Saksela et al., 1988). 
Although the physiological significance of the interac- 
tion of FGF with heparin and/or heparan sulfate is not 
clear, it is possible that in vivo FGF molecules are 
Protected by binding to glycosaminoglycans. FGF has 
indeed been identified in the subendothelial extracel- 
lular matrix (Baird and Ling, 1987; Vlodavsky et al., 
1987). 

This report describes the interaction of recombinant 
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human bFGF with heparin with respect to a) proteoly- 
tic degradation of bFGF by trypsin and chymotrypsin; 
b) binding saturation of heparin with bFGF; c) solubil- 
ity of heparin-bFGF complexes; and 3) the mitogenic 
activity of bFGF in the presence of heparin. 

MATERIALS AND METHODS 

Recombinant human bFGF was prepared as reported 
previously (Squires et al., 1988) and stored in lyophi- 
lized form at -70°C. TPCK-treated trypsin and alpha- 
chymotrypsin were purchased from Sigma (St. Louis, 
MO). Heparin from porcine intestinal mucosa was 
obtained from Sigma (177 USP units/mg) and Elkins 
(Sinn, Inc., Cherry Hill, NJ, 10,000 UPS units/ml). 

Formation of FGF-Heparin Complexes 

Lyophilized recombinant human bFGF was reconsti- 
tuted in 50 mM Tris-Hcl, pH 7.5, to a final protein 
concentration of 2 mg/ml. Heparin was resuspended in 
distilled water to a concentration of 10 mg/ml. This 
stock solution or dilutions thereof was stored frozen at 
-20°C. Heparin was added to bFGF protein solutions 
to give protein:heparin ratios as indicated in the re- 
sults section. For some experiments the bFGF was 
thermally inactivated prior to the addition of heparin. 
Thermal inactivation of the bFGF has been accom- 
plished by exposure of the growth factor to tempera- 
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Fig 1 Heparin protection of bFGF from degradation by trypsin. 
Bioactive bFGF <A,B> or inactivated bFGF (C) were exposed t<±2%_ 
(wt/wt) try psin in the absence (A) or presence (B,C) of heparin 
(bK&P:nepariiTratio = 5). Trypsin digestion was carried out at 37 C 



and aliquots of each digestion mixture were analyzed by SDS-PAGE 
after 1-min (lanes 2), 30-min (lanes 3), 180-min (lanes 4), 300-min 
(lanes 5) and 480-min (lanes 6) exposure to trypsin. 



tures of 37°C for 4 days or 65°C for 1 min. Either 
treatment results in a) loss of bioactivity (mitogenicity 
assay) and b) loss of heparin-binding ability of the 
growth factor (A. Sommer, unpublished data). 

Proteolytic Digestion of bFGF or 
bFGF-Heparin Complexes 

Solutions of bFGF alone or in the presence of heparin 
were equilibrated at 37°C for 5 min. Trypsin or chymo- 
trypsin was added to a final concentration of 2 |xg 
protease/100 \xg bFGF and digestion was allowed to 
proceed at 37°C. At various times (see Results) samples 
were removed from the digestion mixtures and added 
to an equal volume of SDS gel sample buffer. The 
samples were immediately heated at 65°C for 15 min 
and subjected to SDS-polyacrylamide gel electropho- 
resis. 

SDS-PAGE 

SDS-polyacrylamide gels (17.5%) (Laemmli, 1970) 
were stained with Coomassie blue. The quantity of 
bFGF in a given lane was estimated with an LKB laser 
scanner. 

Mitogenicity Assay 

Mitogenicity was measured by the incorporation of 
3 H-thymidine in the following way: 2.5 x 10 4 Swiss 
3T3 cells in 0.5 ml Dulbecco's modified Eagle's medium 
(DMEM), 10% calf serum (Colorado Serum Co.) were 
placed into the wells of 48-well tissue culture plates 



(Costar). Four days following plating, the medium was, 
aspirated and replaced with fresh DMEM, | 0.5% cg lf, 
serum] Twenty-four hours later, bFGF or~TJFGF- 
fiepSm complexes diluted in PBS containing 0.1 
mg/ml gelatin were added in 50-pJ volumes. Eighteen 
to 20 hours following the addition of the bFGF, the 
culture medium was aspirated and replaced with 500 
p.1 fresh DMEM, 10% calf serum, and 0.5 nCi of 3 H- 
thymidine. After a 2-3-hour labeling period the me- 
dium was aspirated, and the cells washed once with 0.5 
ml PBS per well. The cells were then trea ted twice with 
0.5 ml olice^CQld ffi>.ripMnrn«cetic acid (TC A) (10 min 
eacjLtreatmentLfoll(iwed_by..one 0.5-ml^wash^itb^ 
cTistil l ed water. The cells were solubilized with "0.5 ml qC 
0.3N NaOHJl Hou? at room temperature) and 0.4 ml 
ifoSTeacri well was counted in a Beckman scintillation 
counter. _ 

RESULTS 

The degradation of recombinant human bFGF by 
trypsin was assessed in the absence or presence of 
heparin (Fig. 1). Bioactive bFGF was rapidly degraded 
by trypsin (Fig. 1 A, lanes 2-6) but was protected from 
cleavage by the protease in the presence of heparin 
(bFGF:heparin ratio = 5 (w/w)) (Fig. IB, lanes 2-6). 
The observed protection depends on bioactive bFGr 
because thermally inactivated growth factor is rapidly 
digested in the presence of heparin (Fig. 1C, lanes 2-6). 
The latter observation rules out the possibility that 
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Each sample was exposed to 2^ftryp S ?n at 37 »C fo^ 4 5 

The. ~i SDS -P° 1 y a crylamide gel electrophoresis 
Jf tlVC q ^ antity of ""digested bFGF in each 
%Z£ JT e f lm f te , d ^ laser scanning of tnS poly 
acrylamide gel and plotted as a function of the bFGF- 

T&TJZ • °/ *i e F ^ evant digestion mature (F^' 
The graph indicates that bFGF is protected from trvn 

£f/3 adati0n r hen present at levels^of up toTo_13-" 
told excess over heparin. 

hpnit^ U f h ini c^ al ex Penments were carried out with 
heparin from Sigma, similar results have been ob 

££r tKE h6Pari J! fr °u m Elkins (S - BletunpubHshed 
than ii he ? ann £ as been ^Ported to be more active 
™ ^^"nfrom Sigma (Castellot et al., 1986) 
The protective effect could be achieved by interaction 
of "f gatlvel y ch f r &ed sulfate and carboxyl Soups 

sfd?chf ZZZcW yCan Wit 5 the P^itivel/cSged 
lull /v ° f bF 9 F l y sine s and arginines which in the 
absence of heparin, are recognized as cleavaee sites hv 
trypsm. The susceptibility tfW-^^SSS 

^m£ ym °- t J TPS,n u 3 protease s Peeific for hydrophobic 
ammo acids such as tryptophane, tyrosine, phenylala- 

S2£^f'K^ M an f histid i" e ™ afsoYnves- 
tio - kti? n epann com P Ie xes (proteimheparin ra- 
tio - 5 (w/w)) were exposed to chymotrypsin in the 
same manner as described above for trypSS ° the 

Fi^thST a dig fu i0n resulte are sh °wn in 
figure 3. In the absence of heparin, the bioactive bFGF 
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Fig. 4. Solubility of bFGF-heparin complexes. bFGF and heparin 
were mixed to generate bFGF:heparin ratios in the range of 2 to 20. 
The mixtures were incubated at room temperature for 30 min. 



is rapidly degraded by the protease (Fig. 3A, lanes 
2-6). In the presence of heparin, the bFGF is only 
partially protected from degradation (Fig. 3B, lanes 
2-6). The partial protection depends on bioactive bFGF 
because inactivated growth factor is rapidly degraded 
in the presence of heparin (Fig. 3C, lanes 2-6). Al- 
though the bFGF-heparin complexes are susceptible to 
cleavage by chymotrypsin, the degradation pattern is 
not random since a truncated form of the bFGF accu- 
mulates over the 8 hour digestion period (Fig. 3B, lanes 
4-6). 

To estimate the bFGF binding capacity and to test 
the solubility of the protein-heparin complexes, a series 
of samples was prepared with bFGFrheparin ratios in 
the range of 2 to 20 (w/w). The mixtures were incubated 
for 30 min at room temperature and centrifuged for 2 
min. Each supernatant was analyzed for the presence 
of bFGF by SDS-polyacrylamide gel electrophoresis 
(Fig. 4) The gel shows that bFGF-heparin complexes 
formed at ratios of 2 to 6 remain soluble. At bFGF: 
heparin ratios of 8 to 10, most of the complexes formed 
precipitate and little bFGF is found in the supernatant 
after centrifugation. At proteinrheparin ratios of 12 or 
greater the bFGF in the supernatant increases as the 
protein:heparin ratio increases. These results suggest 
that the bFGF interacts with heparin to form com- 

Elexes with hydrophobic surfaces. As the heparin is 
eing saturated with bFGF (protein:heparin ratio of 8 
to 10) the availability of ionic groups to interact with 
the polar solvent diminishes and the protein-heparin 
complexes precipitate. 



Insoluble complexes were removed by centrifugation, and aliquots of 1 
the soluble super natants were analyzed by SDS-PAGE. 



Finally, the mitogenic activity of bFGF was assessed! 
by measuring 3 H-thymidine incorporation into Swiss! 
3T3 fibroblast DNA in the absence or presence of| 
heparin. The dose-response curves for bFGF or bFGF-r 
heparin complexes (ratios 1, 10, 100) were found to be! 
essentially identical (Fig. 5), suggesting that the hep| 
arin does not affect the response of the 3T3 fibroblasts,™ 
to the growth factor. Similar results have been ob^ 
tained by Saksela et al. (1988) regarding the effect of 
heparin on the induction of plasminogen activator inj 
endothelial cells exposed to bFGF. 



DISCUSSION 

The inability of trypsin to degrade bFGF in the! 
presence of heparin suggests that complex formation -J 
between the growth factor and the glycosaminoglycan|g 
may involve the interaction between the positively^ 
charged lysines and arginines of the protein with the|| 
negatively charged groups of heparin. The partial § 
resistance of bFGF to chymotryptic degradation in the;3 
presence of heparin indicates, however, that the inter-;! 
action also extends to the hydrophobic regions of the % 
protein. Based on amino acid sequence information > : ; 
from a number of heparin-binding proteins, it has been 
suggested that clusters of basic amino acid residues £ 
and pairs and groups of basic and aromatic residues f 
may be involved in the binding of heparin to these . 
proteins (Schwarzbauer et al., 1983).. Two such se- 
quences, each consisting of a segment approximately £ 
five amino acids long, are present in bFGF (Sommer et £ 
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Bioactivity of bFGF-heparin complexes. Samples containing 
FbFGF alone (•); heparin alone (0.25-25 ng/ml) (A); or bFGF-heparin 
|complexes at ratios of bFGFrheparin = 1 (o), 10 (D), or 100 (■) were 
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assayed for induction of ^-thymidine incorporation into Swiss 3T3 
fibroblast DNA as described in Materials and Methods. 



Mai., 1987; Esch et al., 1985), and they have been 
m proposed to represent putative heparin binding sites of 
m- i 6 & oyrtii factor (Gospodarowicz et al., 1987; Esch et 
|||aL, 1985). Although these regions may function as the 
||£ initial recognition sites for the protein-glycos- 
f J|aminoglycan interaction, the experimental evidence 
? f presented here suggests that the bFGF-heparin inter- 



^ r--"wu "ci C ou e gww wittu tuts or <^r -nepann inter- 
0 ac S? n affects a lar S e portion of the bFGF molecule 
i'tvft* Physiological significance of the interaction of 
5* £U*s with glycosaminoglycans such as heparin or 
f I heparan sulfate is not clear. The major glycosamino- 
£$ glycans are mostly present as components of proteogly- 
sfS? 118 (Hascall and Kimura, 1982) which are widely 
^distributed in the extracellular matrix (ECM) (Hei- 
l negard and Paulsson, 1984). Cell-ECM interactions are 
y Known to influence a number of cellular processes 
$P^^ dlng ceI1 Proliferation and morphogenesis. Indeed, 
g * £Fs are associated with the ECM (Baird and Ling 
1 1987; Vlodavsky et al., 1987) and possible mechanisms 
|ior the cellular mobilization of ECM-bound FGF have 

* 535 d if ussed ^ l ^ sk i et aL > 198? ; Saksela et ai., 

. ; J Moscatelh ' 1987) * The abs ence of a FGF signal 
i peptide as deduced from the analysis of FGF cDNA and 

foc2 m [ c clones (Sommer et al., 1987; Abraham et al., 
Arcoa,b) leaves the question open as to how these 
mitogens are secreted from producer cells. The ECM 
Proteoglycans by virtue of their high affinity for FGF 
could act as "sinks" for the growth factor in areas of 
abnormal cell death or cellular injury and thereby 
Prevent abberant cell proliferation and angiogenesis. 
^ nght of the possibility that the ECM could also 
^present a reservoir for FGF, one can speculate that 



the ECM-bound FGF is released by pericellular protein- 
ases cleaving the protein core of proteoglycans, result- 
ing in the generation of FGF-glycosaminoglycan com- 
p exes similar to those used in this work. Thus the 
glycosaminoglycan portion of the complexes could 
serve as a carrier for the FGF molecules in a protease 
resistant form and allow for the diffusion of the growth 
&5E ^ rou ^ h the surrounding ECM. Evidence that 
W?U* -glycosaminoglycan complexes can induce a pos- 
itive response when exposed to sensitive cells has been 
presented here and elsewhere (Saksela et al., 1988; 
Moscatelh, 1987). 

ACKNOWLEDGMENTS 
The authors would like to thank Bobbi Cooley and 
Darla Landfeir for their excellent technical assistance 
and Robert Thompson and Abe Flexer for their critical 
reading of the manuscript. 

LITERATURE CITED 

A Hfp™?H K A A U r Tgi h A " ^5?' JX " Turoolo. J.F., Friedman, J., 
Hjernld, K A Gospodarowicz, D., and Fiddes, J. (1986a) Nucleotide 
Ef ce t of a ^vine clone encoding the angiogenic protein, basic 
fibroblast growth factor. Science, 233:545-548 

<w2; r n A: ' ^"S'/vhT 11 "? 10 ' A - Mer ^ A - Friedman, J., 
SSSffoS^ 5" 1 ♦ -5 lddeS ' J - U986b) Human basic fibroblasi 
Effi jJ^Sg 1118 SeqUCnCe gen0mk organization. 
Baird, A., Esch, F., Mormede, P., Ueno, N Line N Rnhl*n P Vi„„ 
&.Y.. Wehrenberg, W.B., and Guillemin, R & Mo e?ular c&f- " 
actenzation of fibroblast growth factor: distribution and b ologlcal 
activ,ties in various Ussues. Recent Prog. Horm. Res., 42.143-205 



'91 



220 

Baird, A., and Ling, A. (1987) Fibroblast growth factors are present in 
the extracellular matrix produced by endothelial cells in vitro: 
Implications for a role of heparinase-like enzymes in the neovascu- 
lar response. Biochem. Biophys. Res. Commun., 1 42:428 -435. 

Castellot, J.J., Choay, J., Lormeau, J.-C, Petitou, M., Sache, E., and 
Karnovsky, M.J. (1986) Structural determinants of the capacity of 
heparin to inhibit the proliferation of vascular smooth muscle cells. 
J. Cell Biol., 102:1979-1984. 

Esch, F., Baird, A., Ling, N., Ueno, N., Hill, F., Denoroy, L., Klepper, 
R., Gospordarowicz, D., Bohlen, p., and Guillemin, R. (1985) Pri- 
mary structure of bovine pituitary basic fibroblast growth factor 
(FGF) and comparison with the amino-terminal sequence of bovine 
brain acidic FGF. Proc. Natl. Acad. Sci. U.S.A., 52:6507-6511. 

Folkman, J., and Klagsbrun, M. (1987) Angiogenic factors. Science, 
235:442-447. 

Gospodarowicz, D., and Cheng, J. (1986) Heparin protects basic and 
acidic FGF from inactivation. J. Cell Physiol, 225:475 -484. 

Gospodarowicz, D., Ferrarra, N., Schweigerer, L., and Neufeld, G. 
(1987) Structural characterization and biological functions of fibro- 
blast growth factor. Endocr. Rev., 5:95-114. 

Hascall, V., and Kimura, J.H. (1982) Pretoeoglycans: Isolation and 
characterization. Methods Enzymol., 52:769-800. 

Heinegard, D., and Paulsson, M. (1984) Structure and metabolism of 
proteoglycans. In: Extracellular Matrix Biochemistry. K.A. Piez 
and A.H. Reddi, eds. Elsevier, New York, pp. 277-328. 

Klagsbrun, M., and Shing, Y. (1985) Heparin affinity of anionic and 
cationic capillary endothelial cell growth factors: Analysis of 
hypothalamus-derived growth factors and fibroblast growth factors. 
Proc. Natl. Acad. Sci. U.S.A., 52:805-809. 

Klagsbrun, M., Smith, S., Sullivan, R., Shing, Y., Davidson, S., Smith, 
J.A., and Sasse, J. (1987) Multiple forms of basic fibroblast growth 
factor: Amino-terminal cleavages by tumor cell- and brain cell- 
derived acid proteinases. Proc Natl. Acad. Sci. U.S.A., 84: 
1839-1843. 

Laemmli, U.K. (1970) Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature, 227:680-685. 

Lobb, R.R., Harper, J.W., and Fett, J.W. (1986) Purification of 
heparin-binding growth factors. Anal. Biochem., 154: 1-14. 

Maciag, T., Mehlman, T. t Friesel, R., and Schreiber, A.B. (1984) 



SOMMER AND RIFKIN 



Heparin binds endothelial cell growth factor, the principal endotl 
Hal cell mitogen in bovine brain. Science, 225:932-935. 
Moscatelli, D. (1987) High and low affinity binding sites for basif 
fibroblast growth factor on cultured cells: Absence of a role for }qM 
affinity binding in the stimulation of plasminogen activator pro3 
duction by bovine capillary endothelial cells. J. Cell. Physiol a 
^*AIA23-130. 

feajcsem) O., Moscatelli, D., Sommer, A., and Rifkin, D.B. (1988^ 
v E n u othelial cell-derived heparan sulfate binds basic fibroblast! 
growth factor and protects it from proteolytic degradation. J rviii 
Biol., 207:743-571. Y 

Schreiber, A.B., Kenney, J., Kowalsky, W.J., Friesel, R., Mehlman, T \ 
and Maciag, T. (1985) The interaction of endothelial cell growths! 
factor with heparin: Characterization by receptor and antibody 5 * 
recognition. Proc. Natl. Acad. Sci. U.S.A. 52:6138-6142. J A 

Schwarzbauer, J.E., Tamkun, J.W., Lemischka, I.R., and Hynes, R.O. % 
(1983) Three different fibrorectin mRNAs arise by alternativeT 
splicing within the coding region. Cell, 55:421-431. & 

Shing, Y., Folkman, J., Sullivan, R., Butterfield, C, Murray, J., and * 
Klagsbrun, M. (1984) Heparin affinity: Purification of a tumor-4, 
derived capillary endothelial cell growth factor. Science, 223-% 
1296-1299. ' 'M 

Sommer, A., Brewer, M.T., Thompson, R.C., Moscatelli, D., Presta, M.M 
and Rifkin, D.B. (1987) A form of human basic fibroblast growthf 
factor with an extended amino terminus. Biochem. Biophys. 
Commun., 1 44:543 -550. 

Squires, C.H., Chi Ids, J., Eisenberg, S.P., Polverini, P.J., and Sommer.TI 
A. (1988) Production and characterization of human basic fibroblast f 
growth factor from E. Coli. J. Biol. Chem., 253:16297-16302. $ 

Thornton, S.C., Mueller, S.N., and Levine, E.M. (1983) Humanl 
endothelial cells: Use of heparin in cloning and long-term serial 1 
cultivation. Science, 222:623-625. J 

Vlodavsky, I., Folkman, J., Sullivan, R., Fridman, R., Ishai-MichaelCi 
R„ Sasse, J., and Klagsbrun, M. (1987) Endothelial cell-derived \ 
basic fibroblast growth factor: Synthesis and deposition into suben^| 
dothelial extracellular matrix. Proc. Natl. Acad. Sci. U.S.A. 84:% 
2292-2296. 

Westall, F.C., Rubin, R., and Gospodarowicz, D. (1983) Brain-derived i 
growth factor: A study of its inactivation. Life Sci. 33:2425-2429. '> 



ft: 
■to. 



o 



u 

ctf 

o 

cd a, 

^3 cj 



u 
cd 



*H Oh 



< 



T3 

9 



o 

W 

w 
w 



i 

a ^5? 

s a 
a. a 
IS 

is 

CVS 

"&* 

E « 

§•3 
I 



o 



1 1 



I 
l 
i 



EXHIBIT 4 




o §g 

■s I I 

>o W 0OOT3 

an 

liiiiii 

I°»I8| § 

•s Q 3 

,o 



f 



f 



f 



got 

a- a a 



o 

e 

<D 



-gg< 

si: 



i P 



i 



1 1 

1 

.5 e 

CD 

•§•1 
4 



I 

1 
I 

1 



if 



.2 



■='1 I'S'&S 8 is-l 
..§§•5 If 



of* 





l8-il.fi 
sJ*slg 





■o ° C 5 



" to- 
.2 os 



5.-0 5 gi 




1 §^§^o32 



I I 

O) CD 



a, g-8-2 § -S zz 
o 



ft 

ii 

s'l 

si 
04 

s* 

£1 



B g 

1 



\ 



1 



■B 



Tt m m v© o\ o o 



CO 

d 

CD 

d 
o 

u 



B 
o 
+-> 

3 



C 

o 
o 



CO 



CO 

c 

O 



CD 

i-Q 




a I 

I 8 

,cq o 

> cd 

d o 

<4-4 CO 

° §• 

5 ^ 

IS o 



a 

*u 
e 

Is* 



a* 

^ 03 

o c 

« -a 

o o 



CJ 

I 

d 



o 



5 Si? 



CD 

a 

CD 
00 
T3 

CD 
i— i 

o 



CD 
CJ 

d 

I 





/ 



to 



rj- in m o\ h co co 
00 00 00 



00 



8 « 



00 i-< 
00 ON 



On On On On 



NO VO 00 O © CO 
On On On O O O 



S 



in 
o 



> 

CD 

a 





0 




& 


c 


Fh 


a) 


eg 


a 




0 
a 


CO 

& 








CO 




CO 




cd 








u 




•i-H 

DO * 




O « 



o ^ 

Pi 

1 

w 

ITS 



S5 




CO 



OGL 
I 

fa 
a 

H 

O cd 
CP 



o 



•ft 



CD 

d 
o 



OS 



2 

XI 

3 

CO 
•iH 
CO 

|8 

Rig 
« «s -a 

fi '8 8 
g 0 a 

p § ° _ 

o a E 

^£ rt\ /1% 



00 

c 




0 2 -g 

5 -e * * 



3 fi o 
o 5 c 



—I (rt U U v 

o -5 c o o 

£ ffl ffl ffl 

5 



CO O 

.52 «s 
pi 3 



«3j 
o2 fl 2 

no a s a 

Q) W 4_i 7) 

co O « O 

J2 3 o « 

"3 6 a " 




b'Ss » 

£ « o o 

a E 2 e 
g - ? .1 

8 a 




'S ti 5 ti 



43 2 




00 <N 
i-H CN 



CO CO 

co co en 



CO 



m no 
co co 



00 
CO 



co co »n i-H co co 

Tt ^1" IO m IO 



VN 



8 5? 



g 




(D 
O 



CO 



CD 
CO 
d 

O 
ft 

CO 

o 



CO 
M 
O 



CO JO 

5 8 i ^ 

P 3 0 § 

° d *^ o 



d 

o 
•1— < 
+-» 
u 

d 



r! © ^ 
w3 ? 




CO 



12 £ d Is a 
d ;d d js 

hh T3 co ^ in 



8> • 
§ fi 

O 03 

CO 
03 

a ^ 

g-B * 
8 © 

*J CO 



o 
o 

•■g 

5 



3 co 

Cd 03 

cj 
0.2 
co a 4 



CO 
03 

d 

03 



CO 



£•5 

h r 03 



CN CO 




U CO 



rs» rs oo h rO rj- oo oo O O h h h N <0 I s ** t"- 

y—4 H H r I 1-H 1— ( W 1— » T-H T-H i— < i— I i— I 1-H 1-H 1— I l-H T-H T-H 



,th Tt vo vO On 
oo oo oo oo oo 



O i-H c<> 
On On On 



^ °o oo 

On Ox ON 



Ctf 

o 
o 




.53 fa 

«o J< 

■s £ 

«a ^ 
a 



3 

8 

a 
o 

•<-H 

CO G 

CO 8 

a> .2 

p. IS 

CD 



CO 

<D 



<D &" co 

•3 >. 

o co « 

M £ < 



s 



S - 3 



Pi 

si 

O .2 



a o 

^ S 
o 



O 

l-l M t-H 

CX Q- Q« 
T3 -O T3 

o a> a> 



CO 

CD 



a 



CO CCJ CQ 



e 

2 

*! 

M CO 

O «j 

£ a 
o 0 

CO 

CD 

Sl| I 

55J g 

O g co go 

g-lil 1 

1111 1 
a SI I 



CO 

fl 

CD 
CD 




w . ■ o c u c m - ^ n 

hft o *-o .2 *1 w S ^ _£ 

a O j • £ a < 

• • ■ a • a 



CD 

B 

CD 



cN 



CD 



CD < 



rH CM CO 



^ in co 



s 



^ i—» *-H t-H rHi— <i— I,— It— <r— li— 1 r-( tH 1— I j—i 




8 



£2 !2 £2 3 ^ tj- m in in 



\ 




CO 
CD 

u 
d 

CD 
t-t 
,© 

2 




I 

C 

9 

O 
> 

> 
.5 

> 
•t— t 

cd 

& 

w 



•5 J J 
.2 2B 

t-( K «> 



I 

CD 

a 

CD 



CO ^ 

co o 

S M 

S3 q 



CO 
CD 
O 

a 

CD 

§3 

CD 



S w O a a < & 



CO 



in 



3 



CO 
CD 



CO 
Eh 




'I 2^ - 

® -S3 3 §p 3 



<4h 
O 



CO 



> g 

♦I— i *i— ! 



u cd > 

cd N.S 

^ & u 

O a? cd 



0 



«4H 



O 



u 
cd 

- S y 
^ cS 

5 fl £ 



o- 



° o 

CO • 



bo 



< 

o 

s 



o 
u 

o 




S 8 



- X> 



-5 



J5 6 = 

■3*5 5-8 

CO 2 <n C8 



c 

» SS S| a| 
8 « -2 "§ u ~ g 



cd cd C 

co co O 

S S «) 5 

2 -a £* 

Is 6 

CO «5 



O 

t5 



C 5 co o 
« -i « .2 -8 



c 

o 

cd 

■a •> 

a) ^ ^ -a .5 a> 

05 O J) J5 TJ « 

_e •£ p « O « > _g •3 ,° 



o 
E 



co 

e 

8 
c 
o 
o 



.9 



i nil fill B 



cO 



*0 co 

5 c 

cd o 



e 



S3 U 

8£. 



I* 

6 ° 



' CO 
Oh Cd 

it B JMi 

I a ■§ O -2 



•a- 



a) b 

cd Tju 

o c 

co - S 

.a -2 

* -a 2 * 



h a. <2 3 P ^ c§ ^ "i3 



73 "3 

EES. 

•2 ^ CI O 

cd 





"3 > o o 
i» B) 8 

B 5 a -fl 
5^ 5 w 2 - o 

.2 -3 j> g 3 ,-s.a 



CO 

§ 

a 

I 




I if 

S s 2 8 
§llf 

^ l rl 

«?d S 3 



W s' pc, 




8 



00 

e 



Ncocowrrrrrnrr 




o> o 
> oo 

n (S3 



.8. 



„ .o o 

co * „fl 

CO « 

** 5b B 

aj ^co 

*o .§ "S 

O M 

a > > 

:fl -O > 
.22 3 o 

IS B 

° jj 8 

CO CO co 

2 JJ 8 
2 * a 

CO 

12 ° -SP 

2 » 8 
(! i) 5 

2 a E 

^ toD+3 . 

2 6 S ' 

1 ft 5 

5 fl*. 



G O 



g 



8 



M 



4) 



05 



P G ^ 0 



09 

M 

3 <^ 13 £ £ «fi 

O O ^ O 

* g ^ 13 Oh O 

3 co > w — 
; •=< » S 9 0 S 

! _8 H « S s M ' 

. <§ " a.2 *~ 
% S § ^ 2 « "2 * 

3 



"3 . 



8- 



3 o Ss>- 



1 S 



eft 



> a <d 
-S'g S 



5^ ^ 



a 

• l-H 



18 



<t> S o 

■1*21 i 

•a " s ^ h 3 

■n 2 -3 2 * 
cd c t 

£ *2 ^ £ M 



03 



in 



CO 



* s b ^ i» d » < 



3 S«||-8^ • 

|S.g g.43 S| S 
# w S o § S3 8 g 



cd 



a, o 

8 1 2 Sb g 



ti O 



43 

S <m O O 



B'S a a I| 

2 « S o " 
0> t3 .22 S .2 



S 53 ^ P £ ? 

I S « 3 § S ^ c 



w 3 .2 .h <m O X 

S o -§ ^ o a2 | 

S « 8 8 S - 5 - s 
>rt ) g§"i3£e 



1 

J3 



g ^ § 1 1 8>| 



« «2 



^ u -a 



73 o -a > £; 

■a -Co 
B » no a o 

^ "S 2 ^. 2 
^ s ^ J3 

O >^ o a> to 



111.13 



11 



CO Q CO 



fl 



« "S TP 



i-d^S too >, 

p -8 s | 

" .B ■» o K 
« « o > w 

x> a f .g 
s r B 



^s^ 3 § o « 

O « -g | <a | 



o o 

co oi B 

5 2 1 

i 

s s > 

x b 
o S o 

C G « 
" fl 

■ 6 6 § 

O 5*5 fl 
T3 3 T3 

•all 



o 2 * 

a « « 

a* § 

W ta 



s u a 



=s s s „ -a 

£5 § 



CO 



cd 



liii 
fill 



ft 



cd 



CD co 



O b 



'S 



CO 



a 



•ft B a -° 2 e "S 

jsS*! 2 ft! 



e 



60 T3 S wa _ 

& o o S > 



8 5 



- .9 co 

co -O ^ 

CU -fl to 

fl *3 co 

W t 

v z O 

l«l 

toO <t) ^ 



Sees 
•5 111 

S 8 S3 o 

O 'S "fl 
^ ,^ W ^ 
O ^ CO 

ill 



CO 



i a fl 

CO -C T3 

S.'S ^ 

m 2 g 

5§S 



1 



n 
E 

£S 
*? 



r-T * 



0) u. 

3 § . 




lones 
iries 
















Get cDNA 
sequence 










[Get cDNAc 
[ from libra 






New 
sequence 




(Patent) 




















heck againstl 
databases 










se syntheti 
;DNA probe: 






Known 
sequence 




Publish 
new activit 






u 

L , 











> 

1 

CO 

§ 

i 

CD 

s 



ts 

cd Q 
>> J3 

§ S 
5 .SP 



i 



B. -a | 8 «g 




EOS 



111 

Ilia 

•.a 

« I o o j> 
•° -3 tS & 5 

5.- 5 

MM 

B cd cd ^ 
o 

e a 3 

8«S g 

■° S I § 43 
.SP o -S .£ 

W > O 
M C W 

«0 fd 
G U h 

O <D g *S C 
a\ in cd TT o 

cd 5 ^ js «g -3 



S -o -a 

» -o a -a 

• UK-ail 



*2 
3 



c * « t> » 9- 
$ 8 2 S oO^h 



M ^5 

id S 5 
o a ***** 



g <C ^ =5 

a.s 

S S2 J 
a. a * "S 




II 

»4 50 J2 

•i a f B 

« cd o 

■S"s a I 

l-s § I £ 

C?'J3 S> £ « 

8 s « * a 
If 88*3 



8 



u 
a 

2 

o 

1 



CO 



^ M tfl o 

ISlf Ji 

.s#|| | 

1 S o § © 

« e g g .» 

3 E c -o « 

& £ § 1 
o <£3 

■£•33 S -o -3 



■a s -g g •g .a s 

3)'° «r s 

o o 13 £ *- 
* m tj o ti 

lit It 




.2 c 



§ 

u 



•a 5 *- >> a 



<y s *■« b 

53 S 5 ^ ^ o 

^ 3 t5 i5 '-fi 5g 

o S ca g 



J CO 

•1 



ecu « 



a :| £ 3 1 & 
§ > **s o s a 

qI 3 3 8 8 




.3 5 I -|;J -2 

111 
11 



o o 



§ 1 



11 



8 



CO 



(3« ! 



2J* 



On 

On « 
i— < i—i 



-DC r £ 



: S O 



ffl «-» C- 



§ a * ^ 
as j 



ft? fe 



Mi 



.59 *Q 
W 3 



.S * I 3 55 * ^ 

3 « c r • 
Kp.<0 Q. 

ay 




m o o u c u « 
s « « j- « a 




O O -G if «3 

W>jS « »» C g £ 

.5 o "5b ° ~ « 8 -S 
g .3 S u * .2 S H 

s § h? 3 1.| | 



o 




« g S3 -B o. g B . 

^ <¥ _^ _^ s o 



gogP 

■§ "° Sn S 



5 B JJ CO _ 
5 O C 

# c cd 3 3 O q .2 



•S2 O 



.5 a> fl> o 
3 3 3 O. 



*. ft) 



O 
■S3 



8 •£ 



CO 



♦5 CO 



I ** I S £ 



o o ■* 

© CD 

J3 JQ 

a a © 

CO CO Q. 

u co 2 

CO cog 

< < « 

5 5 $ 



< 5 D 

u 3 co 



Z t co 

O u .2 

" c f 

2 © co 



0 



1? u KS 

•H Q 0 

Ph.2 cj 

o U 

Ph^ fl 

cd ^ 

w CO 



o 



cd 
■ 

o 



o 

m 

w 

Q 

Z 
< 



> 

rrl >-J 
Qg 

2*0 
W -o 
J § 
W 3 

o 

SI 

z 

> . 



a 2 ? « « 



cd »-« ^ 
t3 O 



8 



<D <D 'O ti +■» 



T3 O 



u s S 

S C 43 



tfg&SS 

cx j2 o t 1 ^ 

£fj.l=~ 



a j3 



cx*q 



Sag 



cx =3 8 a o It 

8 = 8 §l£lt 



CO 



p ^ co cd „_ 

o 2 S3 1 {3 ^ 

b« A O Oh cd 



o > o « 3 •§ 

■O X3 ^ C U d 

3 32 CX CX £ 



8 o 
o 



12 II si 



8 ° 08 



a 

s c « « 
"O *w o 

o o -e co a 

co cU CO co > 

C ^ 2 o cd 

P &( cd 



O OT3 ^ 




t>0 

a co 

CO <a 



Z2 O 



tX CO rj 

1 a p 

»> "3 S o p 



5>l 2 



> fl ? ^ « SP 
ojS 1 1 



CO 



CO 



a 1 •*» w B * p 




3§ 



c o _ *U 
3> a 

g » c *y 'o 
£ .2 <=> cx 

« (fl . fl CO 

|S. ill 

Oi S +r»f CUi «*-ti 



- "i? 1 1 5 

v O P &o ,c 

S 3 

T3 a> O 



1 § s s j( s b a 

JZ -Z P 



co M 
cd X> 



T3 O fl . 



. ^ ... a 

^ a) rt -a P « - 



23 §Sl &5 

p/T3 w w > 



| | a 3 o B 73 -: 



^-S.S S 





8 

c 



o 



I S 1 3 1 1 "i 

ft- ^ 
g a ° « ts- s 3 

« g 8-1 8 

G a « 0 at <2 

w s ^ to *D ^ a> 
C P . U D O ^ 

o 8 « j: a c 
•5 2 te +■* G ^ o 

jj! I'll! 
111*!* 8 

o P a 



Si 

Q 2 
a 

J3 > 
% « 

> CO 

2 6 

a o 
■o -s 
%2 

f 9 

S CO 



-n o 

O « 



o § 

8 a 



•o 2 



s s 

a. ^ 

i-i ? G 

- cog 

a, eo . fc 

— c oo o 
8 40 S3 S 

« *JC ^ 

& § a 
lag 

3 1 1 
so a 

Ih 

SoS o 



u 7, .3 3o ^ & a> h 



3§ 7.2 2 a jo's 



*§8 



S-S^ a ,g 2 -S o 2P c 
- g c o CX «J 



i 5.2 § 



^* 0} GO 



o o 
ft » P c * 





2 8 5>| 0,-3 



'5 5 ^ g u : 

« 2 a H ^ to 



a l h n 2 ,H f 
St! 8 1^ s s o rt s 

■3 § « ■§ B 3 S 3 S 3 



- °*B 



D I 1 ii g 1 ^ 
o »f i « 2 g 



•3 !* & g ^ 6 ° 



§ © a S • §> 



i I "2 ^ 1 § 1 » i ^ s 

_ S3 S. | 8 



II a 

5 go 

6 8 g 
<i-B 

2 B 1 o 

2 2 S 6 
« § B S 

9 * 3 S 

o o rt v 
a co S c 

all § 

O tu P 

•§■§ &a 
^' 



C/) 

m 
u_ 

6 
u 

Q 

E 

a> 
w 

"O 
a> 
a 
a 

1 

-a 
"0 

CD 

CO 



c 

CD 

CD 
CL 
CD 



e8i § 



73 





J3 



a 

03 

& 

o 
c 

o 

o 

Q 




* ¥ 

a 3 o 3 
•o ^ 3 fa 

as so 

* cd «n cq 
p 



.§ * 8 e" 

O w *i ft 



^ O 




6 



tS O Ji 

2 jg On £ 

fill! 

8JP.8 

I* w ^ 

2 -o > <u 
£•5 5 



IS** 

^ O o 
+-» 2 

J 'I sS 3 

If ;1 

-III 

■a P' 55 o 
« 5b cd e 




<2 <tf 

S 5 3^ 



s 

N 



"o cd "So 5 £ t« S3 

•g « ti * -a g 2 
§^-g Sol 1 

— ^ 



C 2 § 
U D g 

d O a> 



« "2 *o "3 ufl'S 
* u c J3 : ^ 



•s a a * s s 8 

•ill ill! 



g.2§ 



* ,o -a ^ £ o 
'oca fl 2 u ^ 



.2 c 




CM 




(aieDs 3A(4e]3J) 4U34UOD VNQ 



.g _c o -o fc - 

: * c <d 

.ri u_ •= co 

- 5 " § S 




«3 O O O .c 
U 3 fl «, ^ 



CO 



£■8 3 3 



c 

O 

o 
Q 



" <U !h 

P*:ei .3 

f? 5 t3 6 | 5 

0 2"?.s a 
~ 3 | £ S -S 

^ o w t)^ w 

g « > 

a ~ 
3 

CO 

p -a 



fi J -g I | 
CD 5 H .3 



0 0 



S w 1 

43 to > 

■VO « 4) 2 8 

^ O C in c 3 

. -S 

q ^ ti *a § 



B 0 



o«C3 .a to ^ 



o *o • 



/5b .3 



11 



o as 

* ^ to 



£ o 

Q cd w C 



ife 



o-S2 2 
81 § S3 



CO 



-A & 



.s5 



CO 



•as 1 «3$-g 

co — : 5b co j. co 
iri *■* O 6/3 <D ^ 

3 6D a c *c a 
3 p c ctj g a> 



S 



CO 



CO 



8=3 



CO 



o 

u 

a 



a 6 1 >S °- -° S 



Sfe g& 

I § 1 1 :§ " 



T3 

0 - 
IS ^3 _55 2 *J 

•S 3 5 « *^ to 

S ^ CCj 4-J p 

1 B co .3 ^ 

6 .a •% ^ «s 
^ *a -s a > 

<0 *± P co cd 

* 5 s 1 5 

«) P d « 
3 «> S O d 



E 



5 S 

3?f 



O t3 r§ 



a f . 

♦i 3 to 

1 si 



■a 



.a 



) N 



as u 



S -a £ 

C T3 



8fi 8 1 81 



-A fa P t^- CD 

a o o co o o 



"I 6 



•I sd^l 



CM 



CO 



I 



cd cd 



+3 rv M n EC'S K 



^ 5 13 



I* 



o § a 



2 "2 



co £2 • •— « 

o fl ° 

8 E 5 3 

b S 2 o 

S E So 

i_i w 



X v cd 



S3 



» 2-° a g 
"5 § «> 8 a 



1 its 3 

m C U « 
.S3 G w 

G "C S3 

cd < 2 .2 

73 Q 
So' 0 

.s .2?^ 



^ CO 



a 2 



V 



a 



0) 



■5-50 



6 2 



X) o 



d S| o .2 

3 -o 15 >> 

-a 2 

o S 



1 £5 

5 



a> .S3 



o . ~ W o g Id go -T*X3 



2 

y .S3 *c 

b O 2 

J2 5 ^ 

»-c , O 
« ft «« .in 

a ^ ooD 
'I 3 | & 

? o I 
£•1 9 § -i a 



q .S3 § 

" *r? cd H O 

^ g .9 . u 

. CL > O 



cd CO 



cd 



'5 § 



•s* lit 

■8 s 5 1 0 

<D -m ft ,r £L 

S w o -3 o 
^ "5 a 



iiU 2 

3^ % 

cd jd § 

CO |_ t-l 

O O W 

CD • G 

u ca jo 



8* 



co 



G ,t 
^ 0^3 bo B 



^ O "5 G 

W o .g ex 
o o 



8 



8 



S-fu ^"2 I ^> S-o lis 




T 1 1 




CNJ 



s 



a CO 



LL Q) 



(eAiiBisj) jua;uoo VNQ 



- 3 4^ f) ■ 
= f £ =2 J - 

- *S co 2 © 2 

;I|!| S E 

, N § E c c 

t|i|f 

— "D -C — i 

A (P fl) 2 3 
• S 

A —- — 

W C3 CO « 

oh 3^^ 
35: c .E o 

CO c 

C W ® Q ^ 

_ w ffl w S 2 

CO £ O ffl © 
♦5 O > 



§3 



n * S a 
o 



o •» 



t> " b 



a** 



„ e3 Q -a c 



u 0 

1JS|I 
1 o a » l « 

™ « » .S * a 

CTJ A d « M 

S3 -S O 3 C 
S £ * 8 O ft 

^ csp O 



cd O 



•5B „5 



6b- 



-G t"*» co 



A) *G 
2 G 



8 



0 



« ON ^ 



8 



CO 

S E 
3 P 

IE "S 



O C ra 
_ o Q.C. 

0 to 2 » S 

1 *° «I 

S 2 2 Ex 



1 t I | ^ 



! to -3 
. u 

'I ft 



* <2 "o ^ s — „ "p 



•S a 



a 



2 §«h o 

52 « 0 

s § S g 3 a 

O co L * J ^ 

.5 g 3 J 5 ti 

*J <D to cd £ ^ 

g -a g ^ « « 




S 3-3 

■H - .2 



i 1 



2 
q 



8 



II 



-a 



€ a ill 
s I J 2 a I 



so 
5o 



5 * 1 5 a I " 
£ s lie 

5 JS §3 I J8 ! 

- 13 ^ * <3 50 5? -° 



"! O « 




» o w _ a "ft 

+ *if°JI* 

,S * S "a fl * 

2 3 - B -S ^> jj 
o a <o | J 



85 



.5 c 

3 2 S S «) 



I s s g - a § 
* 8 8 1 1 



•£ pi S S -3 

m « 8 -52 <* <* s 



5 -S 



1 £ *P 2 2 « 
.5 <> -3 © j> 
3 U w g 

•§ 3 a | « 01 

i - a "S 1 1 S 

>i< - c o 

I -a 8*-B 8 

§ ° « 
•a 3? * 
> e «5 S o 

Q I J .s 9 S 

a >9 tj 52 ^ 



a 



cd 



0) 



US 



81 



cd 



4> 




h ES JL O *h • aj bo 

! 3 § 3 f 



0> « 

f is 1 

cd ^ u 



g till? |. j ill 




O O 



9 5a g r -s a 

111 

g.5S o 



> ^ «? 2 a> 

i a 
p « g ° s 

: O & w)0 

,□ oca 
° w .5 ° 

q > co +j 



co 



G 8 « 
. D _ ^ 

CO co 



° 5 

2? > 0) c > 

«2 ^ s2 o a 
- c 3 "5 • 

= q> g . 



cd 



111 3 11 



c 

• 1— < 



1 

Id 



« o 



in 



8 

— ^ m 
a o in 

I"? 8 



* O cd 



CN CO 



<M CO 



3 « 2 - 

"C 2 g o 

f| co 5 o 

|< 2 fe 

v ^ co O C 

■ s i 

^ 5 ^ "3 

C f3 <D 

; g jj S> . 

! -g -o a z -a 

i 8 e S S -2 



O IL § «T 

k o w a 

bo o u h 



QL *t 
^ 10 c 

all 




O XI 



ft *5» s 2 



S 3 



£2 




>* cd «-( o 

-5 x> <u 3 



2$ 2 ^! 3 *S +5 co 

£f | £ g4 1 

I? i-r ill 

s 6 8 * 1 "3 & 

1 c3 5 .a ^ " 

O ^ cf *£ ^ rt P5 

£2 i S o a rt 



8. 



! 8* 



i-H t-h m 



^ § 



CO 



to 



° - a § "-i I © g 

co 3 ft > 2 O 

£ § § 1 0 S g ~ 

■a I i i « s ^ § 

3- u u 2 . a to 5 

o '6 * s "a s> i & 



3 s fi g S 

* C « tog 



••8 J J 1 

IS 3 8 g 



2 o iss 2^ 

U « w s o S ft 



•S ft, co - 

2 2 « i 

T3 Q U O 

< • • • 



g 1 



1 1 1 

A O R 

g a 



H M ^» W *' H 

O § 15 *S § 



.5 8 8 



cd ^ VO 
w O w w 



09 



CM « 



O 

N 



°1 8 

S 8 1 * ^ S 



V3 

a sag 



2 

js I a- -r 

a u O u CO. 



_ CO. g o 

Sail 



*5 o 

ft 8 
C 



» 5 go 



o 



5 



2 £ 

C 2 n 

._ .B jg 2 * g sj 

J3 m a. -O - n 

* e § 8 b _ 

TS £ ? S « 1 5 

3 o Z * 3 ^ § 

I 00 



mi 8 !? 

■SLR 



111!* fd, 

lis *! s>l 



ll-s'l 

2 - « c «9-«- ! - 




ST 



- S o Q 2 

CLt\ d o m 



CO 

> pq co £ £ 



Oo uj) U3d JO* posn 9JnjBJ8diu8; Bui|B9uub eqi oj sjbjaj bj. 0 
jouipd esuesiiUB = se '(AjuB|od VNU"J SBq) jeiujid esues = s. 



09 


W9 


s 


99 


LBP 


se 
s 


SS 


919 


SB 

s 


09 


099 


se 
s 


09 


8£9 


~ se 
s 


09 


££9 


se 
s 


99 


ees 


SB 

s 


99 


£39 


se 
s 


q(0o) 
"I 


{*?) 

lanpojd U3d 
jo qiBuen 





*e-3199V3V±93991i9±913V39V3V9-,9 
*M31Vj39±91399V33±V±39JLL93V±9-,9 
/e9±±19V9333V3199±W933±933V39-,9 
<£-99±V9W99V9V993333V9V993V39±-,9 
<£OV3V333V9V3W3V±333W399-,9 
,e-33V33WV9W99V339V9W3V99-,9 
,C-331333X991I13393399133J.VlVJLL-,9 
,e-33X133V9V3V33391333I199X39XV-,9 
/8-919V9V3H999V3UL391V9V399V-/9 
*C-91V91H3319139919V933913V-,9 
.e-919119i3199iJ.9933933il31X-,9 
/e-331V3391V9J_L33VJ.9991913X39-,9 
< £-9Ii3V39139V3133V99939999-,9 
X-1919133139i3V333939Vii3393-,9 
/E-99913133±33X3WV3399133V3319-,9 
,£-313333±99±WW±933393339-,9 



eouenbas ap^oapnuoBjio 



Ujpe-jjq 
a-J90dM 
8-1IM 

ed-d9m 

3€l-d91M 
ld-d9XM 
°-d91M 

eouanbas 
taBjex 



H3d Aq sapjjdadA|Od ueuinq atuos p VNU'JJ P uoipajep jo* sjatuud yod 'i ajqei 



r 




Journal of Immunological Methods, 65 (1983) 55-63 55 
Elsevier 

JIM 02849 

Rapid Colorimetric Assay for Cellular Growth and 
Survival: Application to Proliferation and 
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A tetrazolium salt has been used to develop a quantitative colorimetric assay for mammalian cell 
survival and proliferation. The assay detects living, but not dead cells and the signal generated is 
dependent on the degree of activation of the cells. This method can therefore be used to measure 
cytotoxicity, proliferation or activation. The results can be read on a multiwell scanning spectrophotome- 
ter (ELISA reader) and show a high degree of precision. No washing steps are used in the assay. The main 
advantages of the colorimetric assay are its rapidity and precision, and the lack of any radioisotope. We 
have used the assay to measure proliferative lymphokines, mitogen stimulations and complement-media- 
ted lysis. 



Key words: fymphokine assays - proliferation assays - colorimetric assay - tetrazolium - TCGF 



Introduction 

Many biological assays require the measurement of surviving and/or proliferating 
mammalian cells. This can be achieved by several methods, e.g., counting cells that 
I include/exclude a dye, measuring released 51 Cr-labeled protein after cell lysis, and 
measuring incorporation of radioactive nucleotides ([ 3 H]thymidine or [ l25 I]iodo- 
deoxyuridine) during cell proliferation. The radioactive method can be partially 
automated and can handle moderately large numbers of samples, but even with these 
methods, it is difficult to process thousands of assay points per day. In our current 
research we assay many samples of various lymphokines that induce cell prolifera- 
tion, and so we required a rapid and quantitative assay capable of handling large 
numbers of samples. 

Viable cells could be measured by using any of several staining methods, but we 
wished to avoid any washing steps that would increase processing time and sample 
variation. Multiwell scanning spectrophotometers (ELISA readers) can measure 
large numbers of samples with a high degree of precision, and so we investigated the 
possibility of using a color reaction as a measure of viable cell number. Ideally, a 

0022-1759/83/503.00 © 1983 Elsevier Science Publishers B.V. 
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colorimetric assay for living cells should utilize a colorless substrate that is modified 
to a colored product by any living cell, but not by dead cells or tissue culture 
medium. Tetrazolium salts are attractive candidates for this purpose, since they 
measure the activity of various dehydrogenase enzymes (Slater et al., 1963). The 
tetrazolium ring is cleaved in active mitochondria, and so the reaction occurs only in 
living cells. 

We have developed a rapid colorimetric assay, based on the tetrazolium salt MTT 
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide), that measures only 
living cells and can be read on a scanning multiwell spectrophotometer (ELISA 
reader). This assay is versatile and quantitative, and we consider it a significant 
advance over traditional techniques for several commonly used proliferation and 
cytotoxicity assays. 



Materials and Methods 

Cell lines 

The EL 4 G~ mouse lymphoma cell line was obtained from G. Carlson, and 
subclone EL 4 .3 was selected for growth in 6-thioguanine. Another subline of EL 4 , 
designated EL 4 E2, was obtained from V. Paetkau. The EL 4 E2 subline produces 
large quantities of interleukin 2 when stimulated with phorbol myristate acetate 
(Farrar et al., 1980). A continuous line of mouse T cells, A70 13/13, was derived in 
the author's laboratory at the University of Alberta. All cells were grown in RPMI 
1640 supplemented with 50 /aM 2-mercaptoethanol and 5-10% fetal bovine serum, 
in a 6% C0 2 atmosphere. 

Colorimetric MTT (tetrazolium) assay 

MTT (3n(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide; Sigma cata- 
log no. M2128) was dissolved in PBS at 5 mg/ml and filtered to sterilize and remove 
a small amount of insoluble residue present in some batches of MTT. At the times 
indicated below, stock MTT solution (10 fil per 100 pi medium) was added to all 
wells of an assay, and plates were incubated at 37°C for 4 h. Acid-isopropanol (100 
ptl of 0.04 N HC1 in isopropanol) was added to all wells and mixed thoroughly to 
dissolve the dark blue crystals. After a few minutes at room temperature to ensure 
that all crystals were dissolved, the plates were read on a Dynatech MR580 
Microelisa reader, using a test wavelength of 570 nm, a reference wavelength of 630 
nm, and a calibration setting of 1.99 (or 1.00 if the samples were strongly colored). 
Plates were normally read within 1 h of adding the isopropanol. 

Interleukin 2 assay 

Interleukin 2 (IL2) was derived from phorbol-myristate-acetate stimulated EL 4 E2 
cells (Farrar et al., 1980). The IL2-dependent T cell line A70 13/13 was used as an 
indicator cell. Doubling dilutions of IL2 were prepared in 96-well trays using growth 
medium as diluent. T cells (2000 per well) were then added, with a final volume of 
0.1 ml per well. At 48 h, proliferation was measured by the MTT colorimetric assay. 
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Mitogen-induced proliferation of spleen cells 

BALB/c mouse spleen cells were stimulated in 0.1 ml at 10 6 cells/well with 
varying concentrations of Salmonella typhosa lipopolysaccharide (LPS; Sigma) or 
concanavalin A (Con A; Calbiochem) and assayed at 3 days for proliferation using 
both colorimetric MTT and [ 3 H]thymidine incorporation assays. For the radioactive 
assay, 0.001 mCi [ 3 H]thymidine was added to each well, and after 4 h at 37°C the 
cells were harvested using a PHD cell harvester (Cambridge Instruments, Cam- 
bridge, MA). 

Computer processing 

Readings from the Dynatech MR580 Microelisa reader were transferred directly 
to an Apple II computer, using a program that saved the results to a diskette and 
printed the OD values in a 96-well format that matched the original plate. Addi- 
tional programs were written to process the data stored on diskettes. We now have 
programs to plot results, calculate and plot means and standard deviations, identify 
wells above a chosen threshold, and calculate units of growth factor. These programs 
are available on request. 

Results 

In preliminary experiments, we tested several tetrazolium salts by incubation with 
cells for several hours. The most promising reagent was MTT, a pale yellow 
substrate that produced a dark blue formazan product when incubated with live 
cells. The MTT formazan reaction product was only partially soluble in the medium, 
and so an alcohol was used to dissolve the formazan and produce a homogeneous 
solution suitable for measurement of optical density. Initially, ethanol was used for 
this purpose, but some precipitation of serum proteins occassionally occurred in the 
acid-alcohol mixture. Several other organic solvents were tested, and isopropanol 
was found to be the most suitable solvent. Normal tissue culture medium has a 
variable color due to pH changes and the red form of phenol red interfered at the 
wavelength most suitable for blue MTT formazan measurement. To minimize this 
interference, we converted the phenol red to the fully acidic, yellow form at the end 
of the assay. 

Our final procedure was to add 0.01 ml MTT (5 mg/ml in phosphate-buffered 
saline) to 0.1 ml cells in growth medium. After 4 h at 37°C for MTT cleavage, the 
formazan product was solubilized by the addition of 0.1 ml 0.04 N HC1 in 
isopropanol. Optical density was measured on a Dynatech MR 580 plate reader, 
using a reference wavelength of 630 nm and a test wavelength of 570 nm. 

EL 4 .3 lymphoma cells were used to test the relationship between cell number and 
the amount of MTT formazan generated. The results in Fig. 1 show that the 
absorbance is directly proportional to the number of cells. This linearity extends 
over almost the entire range tested, from 50,000 to 200 cells/well. In addition, these 
results indicate that the assay is capable of detecting very small numbers of living 
cells (e.g., 200). The actual cells do not absorb significantly, even at a concentration 
of 1 X 10 6 cells/ml. 
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25.000 



50.000 
CELLS/ WELL 



100.000 



Fig. 1. Linearity of the MTT assay. EL 4 .3 cells were plated out in doubling dilutions in 0.1 ml growth 
medium (RPMI 1640 + 10% fetal bovine serum) in 96-well flat-bottomed trays (Falcon), starting at 10 5 
cells/well. MTT (0.01 ml of 5 mg/ml stock) was added immediately to all wells, and the plates were 
incubated at 37° C for 3 h, developed and measured. Each point shows the mean and standard deviation 
of 4 replicates. The straight line plotted is the best fit line calculated using all points from 100 to 50,000 
cells/well 




\/20 1740 i/80 1/160 i/320 1/640 //_ ~0 



COMPLEMENT DILUTION 

Fig. 2. Living cells are required for MTT cleavage. EL 4 .3 cells were treated with anti-Thyl.2 (Cedarlane), 
and then treated cells and untreated controls were added to rabbit complement dilutions in a 96-well tray. 
After 30 min incubation at 37°C, MTT was added to all wells, and after another 4 h the plates were 
developed and read. Each point shows the mean and standard deviation of 4 replicates, a, anti-Thyl.2- 
treated; O, untreated. 
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In many assays, dead cells will be present, and so it was important to determine if 
recently killed cells were positive or negative in the assay. Fig. 2 shows that only live 
cells actively cleave MTT, while dead cells are almost completely negative even 
immediately after complement-mediated lysis. These results suggested that living 
cells with active mitochondria are required to generate a strong signal, and raised the 
possibility that the amount of formazan generated per cell would depend on the level 
of energy metabolism in the cell. To test this, we measured formazan generation by 
metabolically inactive cells (red blood cells), resting cells (spleen cells) and activated 
cells (concanavalin A-stimulated lymphocytes). Fig. 3a shows that neither chicken 
nor sheep red blood cells cleave MTT to a significant extent, and neither red cell 
type interferes significantly in the assay, up to concentrations of 2 X 10 6 cells/ml. 
Fig. 3b shows that Con A-activated lymphocytes produce approximately 10 times as 
much formazan per cell as their normal counterparts. 

A continuous line of interleukin 2 (IL2)-dependent T cells (A70 13/13), previ- 
ously established in the author's laboratory at the University of Alberta, was used as 




CELLS/WELL x KT 3 CELLS / WELL x 1CT 3 



Fig. 3. MTT cleavage by erythrocytes and normal and activated lymphocytes, a: chicken and sheep 
erythrocytes were incubated in 0.1 ml medium with MTT for 3 h at 37°C. The plates were then developed 
and read. Means and standard deviations of 3 replicates per point are shown. #, chicken erythrocytes; O, 
sheep erythrocytes, b: mouse spleen cells were stimulated with 2 /xg/ml concanavalin A for 48 h, and then 
the Con A-activated lymphocytes and normal lymphocytes were plated in doubling dilutions in 96-well 
flat-bottomed trays. MTT was added immediately, and after 2 h, the plates were developed and read. The 
means and standard deviations of 3 replicates per point are shown: Con A-activated lymphocytes; O, 
normal lymphocytes. 
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the target cell for an IL2 assay. This assay was used to test 4 parameters of the 
colorimetric reaction - the length of exposure of cells to IL2, the duration of MTT 
treatment, the concentration of MTT used, and the number of test cells added to the 
assay. 

Fig. 4 shows the effect of varying the time of incubation with MTT. The signal 
increased almost linearly from 1/2 to 2 h, but increased at a lesser rate from 2 to 4 
h. In similar experiments, the concentration of MTT and cell number were opti- 
mized for the cell lines used in our studies (results not shown). The formazan 
generated was approximately proportional to the MTT concentration at low con- 
centrations, and reached a plateau at about 0.45 mg/ml MTT. The formazan 
generated was also proportional to the number of cells at high IL2 concentrations, 
but the amount of factor required to produce 50% stimulation was increased at 
higher target cell concentrations. The assay could be read at 1, 2 or 3 days, but the 
apparent titer of the IL2 declined with increasing incubation time, probably due to 
depletion of the growth factor during cell growth. Our optimum values for these 4 
parameters may need modifying for other assays, but in general, we have found that 
widely differing cell lines require only minimal changes. 



Fig. 4. Duration of MTT incubation. Interleukin 2 dilutions were assayed on A70 13/13 T cells. MTT 
was added at 44, 46, 47 and 47\ h, to sets of 3 rows each, and at 48 h, all wells were developed and read. 
Optical density readings were measured relative to control wells containing medium, cells and MTT but 
no growth factor. The means and standard deviations of 3 replicates per point are shown. 1/2 h; a, 1 
h; O, 2 h; 4 h. 
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1 — i 1 1 1 1 1 in 

5 1-25 0-31 008 002 0-005 0 

CONCANAVALIN A l/jg/ml) 

Fig. 5. Mitogen-induced proliferation of spleen cells. Spleen cells were stimulated for 3 days with varying 

concentrations of LPS and Con A and proliferation was measured using both colorimetric and radioactive 

assays. Results are shown as the means and standard deviations of 4 replicates per point. Background 

values, obtained from wells with cells but no mitogen, were subtracted from all points, a: LPS stimulation. 

b: Con A stimulation. 
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The results of the colorimetric assay with cloned cell lines were very encouraging, 
and so we explored the utility of the assay in more complex systems: the lymphocyte 
proliferative responses to the mitogens Con A and LPS. Since many cell types are 
present in the cell populations normally used for such proliferations, it was conceiva- 
ble that certain cell types would generate abnormally large or small signals. Accord- 
ingly, we compared the colorimetric assay to a [ 3 H]thymidine incorporation assay 
for both Con A and LPS responses of normal mouse spleen cells. 

Stimulation with both mitogens was measured effectively by both assays (Fig. 5). 
LPS stimulated cells over an extended concentration range, whereas the titration 
curve for Con A showed a narrow optimum, with little or no proliferation at high or 
low concentrations. The colorimetric and radioactive assays showed excellent agree- 
ment for Con A stimulations, and showed a small difference between the endpoint 
of LPS stimulations. 

Activated macrophages produce more formazan product from nitroblue tetra- 
zolium than do non-activated macrophages (Baehner et al., 1976), and so we 
measured MTT formazan production after LPS activation of a macrophage-like cell 
line, P388D1 (Lachman et al., 1977). No increase in MTT formazan production was 
seen after stimulation with a wide range of LPS concentrations, and P388D1 cells 
did not produce an unusual amount of MTT formazan (results not shown). 



Discussion 

The cleavage of MTT has several desirable properties for assaying cell survival 
and proliferation. MTT is cleaved by all living, metabolically active cells that we 
have tested, but not by dead cells or erythrocytes. The amount of formazan 
generated is directly proportional to the cell number over a wide range, using a 
homogeneous cell population. Activated cells produce more formazan than resting 
cells, which could allow the measurement of activation even in the absence of 
proliferation. These properties are all consistent with the cleavage of MTT only by 
active mitochondria. 

The main advantage of the colorimetric assay is the speed with which samples can 
be processed. The substrate does not interfere with measurement of the product, and 
we have found conditions in which components of the medium do not interfere. This 
allows the assay to be read with no removal or washing steps, which increases the 
speed of the assay and helps to minimize variability between samples. The final 
stages of the assay (adding the MTT, reading the plate and printing the data) take 
much less time than setting up the assay (mixing cells and growth factor dilutions). 
The assay can be read a few minutes after the addition of acid-isopropanol, and the 
color is stable for a few hours at room temperature. The results are also apparent 
visually, which is very useful if rapid qualitative results are required. 

The colorimetric assay measures the number and activity of living cells at the end 
of the assay, whereas [ 3 H] thymidine incorporation measures the number of cells 
synthesizing DNA during the last few hours of the assay. So the colorimetric assay 
correlates well with visual examination of the cells at the end of the assay (Kappler 
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et al., 1981) but these 2 assays can potentially differ from radioactive nucleotide 
incorporation methods. This should be kept in mind for specific applications, e.g., 
distinguishing between death, survival and proliferation. In practice, we have not 
seen large differences between the colorimetric assay, radioisotope assay or visual 
inspection of the wells. 

The only additional reagents used in the assay are MTT, isopropanol, and HC1. 
No radioisotopes are used, and no scintillation counter or gamma-counter is needed. 
This advantage is partially offset by the requirement for a plate reader, but the high 
scanning rate of typical machines (e.g., l£ min per 96 wells) allows a single plate 
reader to handle very large numbers of samples. 

The colorimetric assay shares with the radioisotope assays the advantages of 
precise quantitation and compatibility with computer analysis programs. Since the 
colorimetric assay is so rapid, large amounts of data can be generated, and some 
form of computer processing is very desirable. We have set up programs for 
calculating means and standard deviations, plotting curves, and calculating units of 
growth factor in the original sample (using a linear interpolation to calculate the 
exact dilution at which stimulation is a preset value, e.g., 25% of the maximum 
plateau stimulation). These programs are written for an Apple II computer, and are 
available on request. 

The reduction of MTT to a formazan product appears to be carried out by all the 
cell types we have examined. These include mitogen stimulated T and B cells, 
myeloma, T lymphoma and macrophage-like tumor cell lines, as well as various 
IL2-dependent T cell lines. This suggests that the colorimetric MTT assay may have 
very wide applicability for measuring survival and/or proliferation of various cells 
and can potentially be applied to any assay in which living cells must be dis- 
tinguished from dead cells or a lack of cells. The results in Fig. 2 show that dead 
cells are unable to cleave MTT within 30 min of complement-mediated lysis. This 
indicates that the assay also has potential value for quantitative and rapid measure- 
ment of cell death, e.g., in HLA typing. The MTT assay may also be applicable to 
the assay of cytotoxic T lymphocytes, although the signal generated by the CTL 
population could mask the signal from the target population at high effector : target 
ratios. 
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activity on BALB/MK resulted in the identification of keratinocyte growth factor 
(KGF), n a mitogen structurally related to the fibroblast growth factors (FGFs), but 
with the distinctive properties of a paracrine mediator of epithelial cell growth. 12 

Further studies with recombinant KGF defined the biochemical characteristics of 
its cell surface receptors, establishing the basis for its target cell specificity. 13 Using a 
novel expression cloning strategy, we isolated a cDNA encoding the high-affinity 
KGF receptor. 14 Analysis of this receptor cDNA has provided insights into its 
relationship to other members of the newly emerging FGF receptor family. 



PURIFICATION OF A GROWTH FACTOR SPECIFIC FOR 
EPITHELIAL CELLS 

M426, a human embryonic lung fibroblast line, 15 was selected as the best source 
for purification of the putative growth factor(s) responsible for BALB/MK mito- 
genic activity. Ultrafiltration provided a convenient way of reducing the volume of 
conditioned medium to a suitable level for subsequent chromatography. Heparin- 
Sepharose affinity chromatography, which has been used in the purification of other 
growth factors, 16 " 21 was the most efficient purification step. While estimates of 
recovered activity were uncertain at this stage because of the likely presence of 
multiple factors, the apparent yield was 50-70% with a corresponding enrichment of 
~ 1000-fold. More than 90% of the BALB/MK mitogenic activity was eluted with 0.6 
M NaCl and was not associated with any activity on NIH/3T3 cells. 11 Prompt 
concentration of 10- to 20-fold was essential for stability, which then could be 
maintained at -70°C for several months. 

Final purification was achieved by reverse-phase high-performance liquid chro- 
matography (RP-HPLC) (Vydac C 4 column), a preparative method suitable for 
amino acid sequence analysis. While the yield of activity from this step was only a few 
percent, the loss could be attributed to the solvents used. In other experiments, 
exposure to 0.1% trifluoroacetic acid/50% (vol /vol) acetronitrile for 1 hour at room 
temperature reduced the mitogenic activity of the preparation by 98%. 11 Nonethe- 
less, a single peak of BALB/MK stimulatory activity was obtained (Figure 1A), 
coinciding with a distinct peak in the absorption profile. Peak fractions contained a 
single band with a molecular mass of 28 kDa as estimated on a silver-stained, sodium 
dodecyl sulfate-polyacrylamide gel (Figure IB), and mitogenic activity (Figure 1C) 
correlated with the intensity of this band across the chromatographic profile. This 
molecular mass was in good agreement with the elution position of mitogenic activity 
on two different sizing columns run in solvents expected to maintain native conforma- 
tion. 11 From these data, we concluded the mitogen was a single polypeptide chain 
with a mass of 25-30 kDa. 

Its distinctive target-cell specificity was demonstrated by comparing it on a 
variety of cell types with other growth factors known to possess epithelial cell 
mitogenic activity. The factor exhibited a strong mitogenic effect on BALB/MK cells 
and stimulated thymidine incorporation in other epithelial cells tested (Table 1). In 
contrast, the factor had no detectable effects on fibroblasts or human saphenous vein 
endothelial cells, 11 or on melanocytes or PC-12 cells (unpublished observations). By 
comparison, TGF-oc and EGF showed good activity on fibroblasts, while acidic FGF 
(aFGF) and basic FGF (bFGF) were mitogenic for endothelial cells as well (Table 
1 ). Because of its specificity for epithelial cells and the sensitivity of keratinocytes in 
particular, the mitogen was designated "keratinocyte growth factor." 

To establish that KGF not only would stimulate DNA synthesis but also would 
support sustained cell growth, we attempted to grow BALB/MK cells in a fully 
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table i. Target-Cell Specificity of Growth Factors" 






Fold Stimulation of Thymidine Incorporation 




Growth 


Epithelial Cell'Une 




Fibroblast 


Endothelial 


Factor 


BALB/MK 


B5/589 


CCL208 


NIH/3T3S 


Cell Line 6 


KGF 


500-1000 


2-3 


5-10 


<1 


<1 


EGF 


100-200 


20-40 


10-30 


10-20 


ND 


TGFa 


150-300 


ND 


ND 


10-20 


ND 


aFGF f 


300-500 


2-3 


5-10 


50-70 


5 


bFGF 


100-200 


2-3 


2-5 


50-70 


5 



"Comparison of maximal thymidine incorporation stimulated by KGF and other growth 
factors in a variety of cell lines, expressed as fold stimulation over background. These data 
represent a summary of four different experiments. ND, not determined. 

"Human saphenousvein cells. 

'Maximal stimulation by aFGF required the presence of heparin (Sigma) at 20 jig/ml. aFGF 
and bFGF were recombinant preparations. 

defined, serum-free medium supplemented with this growth factor. KGF served as 
an excellent substitute for EGF but not for insulin (or insulinlike growth factor I) in 
this chemically defined medium. 11 Thus, KGF acts through the major signaling 
pathway shared by EGF, aFGF, and bFGF for proliferation of BALB/MK cells. 22 



HUMAN KGF IS FGF RELATED WITH PROPERTIES OF A PARACRINE 
EFFECTOR OF EPITHELIAL CELL GROWTH 

Amino acid sequence analysis of C 4 -purified KGF ( — 150 pmol) yielded a single 
sequence with unambiguous assignment for cycles 2-13 as follows: Xaa-Asn-Asp-Met- 
Thr-Pro-Glu-Gln-Met-Ala-Thr-Asn-Val. 11 Oligonucleotide probes were generated 
on the basis of this experimentally determined amino acid sequence and then used to 
screen an oligo (dT)-primed cDNA library prepared from M426 human embryonic 
lung fibroblasts, the initial source of the factor. Of 10 plaque-purified clones 
analyzed, 1 (designated clone 49) had an insert of 3.5 kilobases (kb), whereas the rest 
had inserts ranging from 1.8 to 2.1 kb. Analysis of the smaller clones revealed several 
common restriction sites. Nucleotide sequencing of a representative clone (desig- 



FIGURE 1. A: C 4 reverse phase high performance liquid chromatography (HPLC) of BALB/MK 
mitogenic activity. Active fractions eluted from the heparin-Sepharose column with 0.6 M NaCl 
were concentrated and loaded directly onto a Vydac C 4 column (4.6 x 250 mm) that had been 
equilibrated in 0.1% trifluoroacetic acid/20% acetonitrile. After the column was washed with 4 
ml of equilibration buffer, the sample was eluted with a modified linear gradient of increasing 
percentage of acetonitrile. Fraction size was 0.2 ml, and flow rate was 0.5 ml/min. Aliquots for 
the assay of [ 3 H]thymidine incorporation in BALB/MK cells were promptly diluted 1:10 with 50 
\ig of bovine serum albumin per ml/20 mM Tris-HCI, pH 7.5, and tested at a final dilution of 
1:200. B: Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS/PAGE) analysis of 
selected fractions from the C 4 chromatography shown in A. Half of each fraction was dried, 
redissolved in SDS/2-mercaptoethanol, heat denatured, and electrophoresed in a 14% polyacryl- 
amide gel which was subsequently silver-stained. The position of each molecular mass marker 
(in kDa) is indicated by an arrow. C: DNA synthesis in BALB/MK cells triggered by the 
fractions analyzed in B. Activity is expressed as the fold stimulation over background, which was 
100 cpm. 
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nated clone 32) along with clone 49 demonstrated that they were overlapping cDNAs 
(FIGURE 2A), which when aligned established a continuous 3.85-kb sequence that 
contained the complete KGF coding domain 12 (Figure 2B). 

A likely ATG initiation codon was located at nucleotide position 446, establish- 
ing a 582-base-pair (bp) open reading frame, which ended at a TAA termination 
codon at nucleotide position 1030. This open reading frame encodes a putative 
194-amino-acid polypeptide with a calculated molecular size of 22,512 daltons. A 
19-amino-acid sequence, which was consistent with the experimentally determined 
NH 2 -terminal sequence of purified human KGF, began 32 amino acids downstream 
of the proposed initiation codon. The predicted KGF amino acid sequence con- 
tained one potential N-linked glycosylation site (Asn-X-Ser) from residues 45 
through 47. 

To search for homology between KGF and any known protein, we analyzed the 
National Biomedical Research Foundation data base with the FASTP program of 
Lipman and Pearson. 23 The predicted primary structure of KGF was related to those 
of aFGF and bFGF, as well as int-2-, hst/KGFG, FGF-5, and FGF-6-encoded 
proteins. The FGFs are heparin-binding mitogens with broad target cell specifici- 
ties. 24 FGF-5 25 and hst/ KG FG 26,27 are transforming genes, originally detected by 
DNA-mediated gene transfer, whereas int-2 was identified as an oncogene by 
proviral integration of mouse mammary tumor virus. 25,29 FGF-6 also is a transforming 
gene which was initially identified on the basis of homology to a human hst/KFGF 
probe. 30 Alignment of the seven proteins revealed two major regions of homology, 
spanning amino acids 65 to 156 and 162 to 189 in the predicted KGF sequence, which 
were separated by a short nonhomologous series of amino acids. In the aligned 
regions, KGF was 30 to 45% identical to the other six members of the FGF family. 

The primary KGF translation product, like those of hst/KFGF, FGF-5, and 
FGF-6, contains a hydrophobic NH 2 -terminal region. Evidence that this NH 2 - 
terminal domain is not present in the mature KGF molecule (Figure 2B) indicates 
that it represents a signal peptide sequence. 31 Acidic and basic FGF are synthesized 
apparently without signal peptides. 32,33 The mf-2-encoded protein contains an atypi- 
cally short region of NH 2 -terminal hydrophobic residues, 34 which apparently func- 
tions as a signal sequence. 33 The int-2- and FGF-5-encoded proteins also contain long 
COOH-terminal extensions compared to the other family members. 

A probe spanning most of the KGF coding sequence (Figure 2A, probe A) 
detected a predominant 2.4-kb transcript as well as a less abundant, ~ 5-kb transcript 
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FIGURE 2. Nucleotide sequence and deduced amino acid sequence of KGF cDNA. A: 
Representation of human KGF cDNA clones. Overlapping clones 32 and 49, used in sequence 
determination, are shown above a diagram of the complete coding sequence as well as adjacent 
5' and 3' untranslated regions. Untranslated regions are represented by a line; the coding 
sequence is boxed. The hatched region represents sequences that encode the putative signal 
peptide. Selected restriction sites are indicated. The derivation of two cDNA probes used for 
RNA blot analysis is indicated. B: Complementary DNA nucleotide sequence encoding the 
predicted KGF amino acid sequence. Nucleotides are numbered from the left; amino acids are 
numbered throughout. The NH 2 -terminaI peptide sequence derived from purified KGF is 
underlined. The hydrophobic NH 2 -terminal domain is shown in italics. The potential asparagine- 
linked glycosylation site is overlined. C: Identification of KGF mRNAs by RNA blot analysis. 
An RNA blot of poly(A) + -selected M426 RNA was hybridized with a J2 P-Iabeled 695-bp Bam 
HI-Bcl I fragment from clone 32 (probe A in A), lane a, or a 872-bp fragment from the 3' 
untranslated region of clone 49 (probe B in A) generated by the polymerase chain reaction 
technique. 
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by RNA blot analysis of polyadenylated [poly(A) + ] M426 RNA (F.gure 2H « a 
probe derived from the 3' untranslated region of clone 49 diZ\ in ,1 I 9\ A 
32 (F.GURE 2A, probe B). only hybridized to the I g" "ess ge Roure^ Th" 
U appears that the KGFgene is transcribed as two altera iv mRNAs Twolh" 5 ' 
members o the FGFgene family, bFGF 52 " and im^J^^S^^ 
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mdd trypt.c digestion.' Total cellular RNA was extracted from eS S s we , as 
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».l and epfthe.ial cells, respect ivel 'Srik'mg sperifidty of KGF RN^expres 
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BIOCHEMICAL CHARACTERIZATION OF A HIGH-AFFINITY RECFPTOR 
FOR KGF: EVIDENCE FOR MULTIPLE FGF^CEPTO^S 

Consistent with its target cell specificity in mitogenesis bioassays we detected 

Ttw^ Cl t^ maity , bind,ng ° f ,25I - KGF *° the surface of K/MK but 
not NIH/3T3 cells (Figure 4A and B). 125 I-KGF bindinp nn ratr/n^T 

competed efficiently by aFGF but with 2o-fo.d .owe" SSX^ MF^cZ 
4 A) ,n agreement w„h then relative potency in assays of DNA synthesis (Figure 5) 
5 hep^ 

Vu Pf ttern of '-aFGF-receptor interactions on the two cell tvoes l25 f aFP.F 
exhibited specific high-affinity binding to both the keratinocyL andlroblasf S 
KGF competed only for the binding to BALB/MK. On the other hand bFGF was a 

Scatchard analysis of l25 I-KGF binding suggested major and minor high-affinitv 
ecep tor components (dissociation constant = 400 and 25 P M, respec ivefy) as 3 
Pre em o n ^7x7^^ ™ alto 

NIH/3T3 cells, and presumably corresponded to the high-affinity receptors required 
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IGF, we examined the expression of its 
id tissues. The predominant 2.4-kb KGF 
:l stromal fibroblast lines derived from 
md adult sources. In contrast, the tran- 
or in a variety of epithelial cell lines. The 
J from normal adult kidney and organs of 
lung or brain. 12 

tf KGF expression, whole skin tissue was 
jd into dermal and epidermal layers by 
was extracted from each layer, as well as 
r expression. The KGF transcript was 
y detected in the dermis but not in the 
•r the enrichment for each tissue layer, we 
tin l, 40,41 which are specific for mesenchy- 
ariking specificity of KGF RNA expres- 
supports the concept that this factor is 
ilation of epithelial cell growth. 



OF A HIGH-AFFINITY RECEPTOR 
JLTIPLE FGF RECEPTORS 

v in mitogenesis bioassays, we detected 
I KGF to the surface of BALB/MK but 
l2 i-KGF binding on BALB/MK was 
fold lower efficiency by bFGF (Figure 
y in assays of DNA synthesis (Figure 5). 
•/MK and NIH/3T3 cells was reinforced 
ictions on the two cell types. 125 I-aFGF 
<th the keratinocytes and fibroblasts, but 
.B/MK. On the other hand, bFGF was a 
ng on NIH/3T3 compared to BALB/MK 

suggested major and minor high-affinity 
! = 400 and 25 pM, respectively) as well 
inlike component. The latter was also 
must be insufficient for KGF-induced 
linity cross-linking of 125 I-KGF revealed 
LB/MK cells which were absent from 
jd to the high-affinity receptors required 
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for mitogenic signaling. KGF also stimulated the rapid tyrosine phosphorylation of a 
90-kDa protein in BALB/MK cells but not in NIH/3T3 fibroblasts. Tyrosine 
phosphorylation following addition of growth factor and, in particular, the prompt 
labeling of a 90-kDa substrate has also been observed in response to aFGF and 
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FIGURE 3. Expression of KGF in the skin of newborn mice. Whole skin was removed from 
1-day-old mice and incubated overnight at 4°C in 0.25% trypsin solution. On the following day 
the dermal and epidermal layers were separated and RNA was extracted from these two layers 
as well as from intact mouse skin. RNA (20 M-g) from each specimen, including the human 
fibroblast line M426, was screened for KGF transcript by RNA blot analysis with a 32 P-labeled 
Pvu II-Ssp I fragment of the human KGF cDNA (nucleotides 162 to 1380). Detection of 
vimentin and keratin I (Kl) transcripts was done with human vimentin and mouse Kl cDNA 
derived probes. The arrows indicate the location of the transcript detected by each probe. 



bFGF. 42 " 14 Together these results indicated that BAU8/MK keratinocytes possess 
high-affinity KGF receptors to which the FGFs also bind, with aFGF having a greater 
affinity than bFGF. However, these receptors are distinct from the receptor(s) for 
aFGF and bFGF on NIH/3T3 fibroblasts, which fail to interact with KGF. 
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EXPRESSION cDNA CLONING OF THE KGF RECEPTOR BY CREATION 
OF A TRANSFORMING AUTOCRINE LOOP CKLAUON 

Frc E *[ studies - ei,her wi 'h FGF family members such as to/K-FGF 2 *" or 
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peptide sequence had been added «•« demonstrated that transfection of NIH/3T3 
cells w,th vectors encoding these secreted factors would result in Snsformation 
The presumed mechamsm for this effect was (he creation of a fanctKZsf,Sl£ 
mg autoenne loop. As md.cated above, NJH/3T3 cells lack the high-affinity KGF 
receptors requ.red to mediate mitogenic signal transduction. However! the e ceHs 
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like other fibroblast lines, synthesize and secrete KGF" Thus we reasoned th*t , h 

Iransfonned cells to, evidence of S'lSShS ™' S"'" 8 foCi of 

Wh '"nM,?! 3 h,gh clonin S efficienc y the capacity for Jlasmid rescue « 
Z MH?m " bra ^r pared Wi,h mRNA from BALB/MK cells waT ntroduced 

ocfa ed ^ w^thTrL H S t VeC f t0r ' 15 ' r f " sformed **i were detected wh h were 
associated with three distinct morpho oe cai Dhenotvne* A cinoi* ^p>ma . 

tSS^r^^^^*'^^'"**^*'" ^^^^^■d«| ,, ^?ldid^ed" 0 KOT^ 
BALB/MK cells showed specific high-affinity binding of ,25 I-Iabeled KfiF whi^ 
not observed when Nm/vn ~e.ii,. " 6 " 1 1 ld oeiea R.ot-, which was 

Niwm-S i ™ H/3T3 cel,s were used - Expression of the ectl eene bv 
NIH/3T3 cells resulted in the acquisition of 3.5-fold more ,25 W a hrle.l irrpS- 
sites than BALB/MK cells (F.gure 6). Under the s™ ^conditbt « MW 
3T3 as well as transfectants containing either ect2 or ect3 did not hin^il k ,"i 
growth factor. These results suggested fhat -/S^^I^J^SS^ 
whose introduction into NIH/3T3 cells had completed a SiJSSf 

our^DNAdonVor^Th ° f ar0U " d ? kb W3S ° bSe ™ d BALB/MK cells. Thus, 
nih/ttT ? kb re P resen,ed essentially the complete «// transcript 14 In 

NIH/3T3 cells a transcnpt of comparable size was only faintly detectable under 

atnT l^T^ Theref0re ' if th ' S tranSC "P< 

S^ySSScST' " S CXPreSSi0n ^ in fib^obfarfs 

Nucleotide sequence analysis of the 4.2-kb ectl cDNA reveal a 
reading frame of 2235 nucleotides (nucleotide position 5« ^27*96) ^£fkS 
codons were found at nucleotide positions 619 and 676 resDectivelv Th? ™h 

5^^«S K ° Zak ' S C ° n T US ^ aTanltn?, ,e iS n o 
sequence (A/OC-CATGG). Moreover, it was followed by a characteristic signal 
sequence of 21 residues, 10 of which were identical to those o 2 
peptide of the mouse basic FGF receptor.- Thus, it seems Se ly tha e S eS 

mams exhibiting 77% and 60% similarity with the Ig-lite domai 2 and 3 _ 
respecuvely, of the mouse bFGFR. Studies have revealld a variTn form of the 

kK« ™i T sequence NH 2 terminal to the first Ig-like domain of the 

thfmouTbFGFj U a? Pare J 10 88 rCSidueS f0Und in the shoner fol of 
mouse bFGFR. Both ch.cken and mouse bFGFRs contain a stretch of eight 
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>ccrete KGF. 14 Thus, we reasoned that the 
isfection might cause transformation by 
autocrine mechanism. Screening foci of 
mty KGF binding sites would enable us to 
ormed as a consequence of acquiring such 

d out with a newly designed expression 
ic attributes of stable transfection of long 
cy and the capacity for plasmid rescue. 47 
M from BALB/MK cells was introduced 
formed foci were detected which were 
:ieal phenotypes. A single cDNA clone 
nd to possess high-titered transforming 
ng units per nanomole of DNA. Transfec- 
ontaining these epithelial-cell-transform- 
) were used in subsequent analyses. 
»f the three genes might encode the KGF 
s with recombinant ,25 MabeIed KGF. 
ity binding of I25 Mabeied KGF, which was 
used. Expression of the ectl gene by 
• 1 3.5-fold more 125 I-labeled KGF binding 
nder the same conditions, control NIH/ 
her ect2 or ect3 did not bind the labeled 
:ctl encoded the KGF receptor (KGFR), 
ad completed a transforming autocrine 

: was observed in BALB/MK cells. Thus, 
-•ntially the complete ectl transcript. 14 In 
: size was only faintly detectable under 
~\ if this transcript were to representee^ 
' was markedly lower in fibroblasts as 

2-kb ectl cDNA revealed a long open 
ic position 562 to 2796). Two methionine 
619 and 676, respectively. The second 
consensus for a translational initiator 
was followed by a characteristic signal 
identical to those of the putative signal 
' M Thus, it seems likely that the second 
II so, the receptor polypeptide would 
ize of 82.5 kD (Figure 7A). 
nsmembrane tyrosine kinase structurally 
F receptor (bFGFR) encoded by the flg 
i proteins is shown in Figure 7B. The 
'incd two immunoglobulin (Ig) like do- 
y with the Ig-Iike domains 2 and 3, 
s have revealed a variant form of the 
slso contains only these two correspond- 
:rminai to the first Ig-Iike domain of the 
h residues found in the shorter form of 
ise bFGFRs contain a stretch of eight 



consecutive acidic residues between the first and second Ig-like domains 16 "' 3 not 
found in the KGFR (Figure 7B). 

| The kinase domain of the KGFR was 90% related to the bFGFR tyrosine kinase 

(FIGURE 7B). The central core of the catalytic domain was flanked by a relatively 
long juxtamembrane sequence, and the tyrosine kinase domain was split by a short 
insert of 14 residues, similar to that observed in mouse, chicken, and human bFGF 

\ receptors. 49 " 55 Hanafusa and coworkers isolated a partial cDNA for a tyrosine kinase 

gene, designated bek, by bacterial expression cloning with phosphotyrosine antibod- 
ies. 56 The reported sequence of bek was identical to the KGFR in the tyrosine kinase 
domain (Figure 7B). 




FIGURE 6. Comparison of [ ,2S I]KGF specific binding to BALB/MK, NIH/3T3, and NIH/3T3- 
transfected cells expressing either of the epithelial-cell-transforming cDNAs designated ectl, 
ect2, and ect3. Bound cpm were normalized according to protein content of SDS extracts. 
Specific binding was determined by subtracting normalized cpm of samples incubated with a 
100-fold excess of unlabeled KGF from the normalized cpm bound in the presence of [ ,25 I]KGF 
alone. The results are mean values ± SD of triplicate measurements. 



Scatchard analysis of ,25 I-labeled KGF binding to the NlH/ectl transfectant 
revealed expression of high-affinity receptors comparable to the high-affinity KGF 
binding sites displayed by BALB/MK cells. 13,14 The pattern of KGF and FGF 
competition for l25 I-labeled KGF binding to NlH/ectl cells was also very similar to 
that observed with BALB/MK cells. When ,25 I-labeled KGF cross-linking was 
performed with NlH/ectl cells, we observed a single species corresponding in size to 
the smaller 137-kDa complex in BALB/MK cells. Moreover, detection of this band 
was specifically and efficiently blocked by unlabeled KGF. When glycosylation is 
considered, the size of the KGFR predicted by sequence analysis corresponds 
reasonably well with the corrected size (115 kDa, taking into account the size of 
KGF) of the cross-linked KGFR in the ectl transfectant. 14 
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FIGURE 7. Primary structure of the KGF receptor. A: Amino acid sequence deduced from th, 
coding region of the KGF receptor cDNA. Amino acids are numbered fram ^e puTat J 
in. .atton s.te of translation. Potential sites of N-iinked glycosylation are Zdwltod Th 
potential signal peptide and transmembrane domains are boxed The interk"nas ZmJn l 
shown by underlined italic letters. Glycine residues considered to be involved in ATP (?de no 

dnlZ ?h 6 bm nT ind,Cated by aS,erisks ' °> ste ™ r «idues delimit two Ig Z 
domams m he extracellular portion of the molecule shown by boldface. Nucleot de seauenc 

^V:n e H m h'p n r d p by chain ' ermina <i°" method. B: Structural t^rK SpS 

&?b 2 o1^J?^- U ^ 38 f Pr ° be f ° r SOUthW ^ ' and Northern anaS 
hntn Th h ,s ( . lndlca,ed - The re S'° n homologous to the published bek sequence 5 * is also 

cDNA'l„V C A emat,C ° f KGF reCep, ° r is shown below restriction map of the 

cDNA clone. Ammo acid sequence similarities with the smaller and larger bFGF receptor 
variants are indicated S, signal peptide; A, acidic region; IGI, IG2, and il Ig-lSe d3s 
TM, transmembrane domain; JM, juxtamembrane domain; TK1 and TK2 tyrosine kinase 
domatns; IK, mterk.nase domain; C, COOH-terminus domain V 



NmnnZufZ d0 t ng0f ^ K S FR WaS baSed on its '"nsforming activity for 
NIH/3T3 cells that synthestze KGF. Thus, its detection could reflect activation of an 
autocrine loop involving KGF and the normal receptor. AJternatively, fhe^cDNA 
might have been detected fortu.tously as a constitutively activated KGFR mutan? 

theTi^kcFR t'r" 1 " C T f' ^ nd - re . cept ° r inte ^ion^ inhibited DNA syn 
nests o KGFR transfectants. We also observed specific inhibition of proliferation of 
such cells tn response to a KGF monoclonal antibody, which neutralizes KGF 
m.togemc act.v.ty Together these findings argue that induction of the Transformed 
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phenotype resulted from autocrine KGF stimulation of an ectopically expressed 
norma! KGFR cDNA. 

There have been reports concerning human or avian cDNAs closely related to 
the KGFR. 59 " 62 The external portions of bek (human) and cek3 (chicken) proteins 
contain three Ig-like domains. 59 " 61 These molecules also differ from the KGFR in that 
each contains an acidic region and is completely divergent in the COOH-terminal 
half of its third Ig-like domain from the KGFR. Binding studies with the three Ig-like 
domain human bek variant have indicated similar high affinities for aFGF and 
bFGF. 59 Since the affinity of the KGFR for aFGF was substantially higher than for 
bFGF, differences in FGF binding by these receptor molecules must relate to these 
regions of divergence. In BALB/MK cells, we detected a higher molecular weight 
KGF-cross-linked species, corresponding in size to the three Ig-like domain bek 
variant. 13 Whether it represents this variant or the product of a distinct gene remains 
to be determined. 

A gene, designated K-sam, was recently identified as an amplified sequence in a 
human stomach carcinoma. 62 A cDNA clone corresponding to one of the overex- 
pressed K-sam transcripts predicts a two Ig-like domain bek variant, whose Ig-like 
domains correspond to those of the KGFR. However, it differs in that it contains an 
acidic region and may be truncated at its COOH terminus as well. 62 These molecules 
likely reflect alternative transcripts of the same gene, as has also been suggested for 
two and three Ig-like domain forms of the bFGFR. 63 



SUMMARY AND FUTURE DIRECTIONS 

KGF is a fibroblast-de rived member of the FGF family, with potent mitogenic 
activity on epithelial cells but no corresponding activity on fibroblasts, endothelial 
cells, melanocytes, or other nonepithelial targets of FGF action. Biochemical analy- 
sis established that KGF receptors bound aFGF with a high affinity but bFGF with at 
least an order of magnitude lower affinity. Expression cDNA cloning of a KGF 
receptor was accomplished by creation of a transforming autocrine loop. The 
full-length cDNA encoded a transmembrane, tyrosine kinase molecule which resem- 
bled the bFGF receptor encoded by fig, and was even more similar to the bek gene 
product. Future study will be aimed at determining differences responsible for the 
binding specificities that distinguish the KGF receptor from the bek and fig gene 
products. Using molecular probes to both KGF and its receptor to study their 
expression during development and in the adult should help define their role in 
normal growth and repair processes as well as possible pathologic roles in disease. 
This information, along with experiments testing the effects of KGF in vivo, could 
serve to identify situations in which KGF or antagonists to its actions would be of 
therapeutic benefit. 
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ABSTRACT A growth factor specific for epithelial ce»!s 
was identified in conditioned medium of a human embryonic 
lung fibroblast cell line. The factor, provisionally termed 
keratinocyte growth factor (KGF) because of its predominant 
activity on this cell type, was purified to homogeneity by a 
combination of ultrafiltration, heparin-Sepharose affinity 
chromatography, and hydrophobic chromatography on a C 4 
reversed-phase HPLC column. KGF was both acid and heat 
labile and consisted of a single polypeptide chain of =28 kDa. 
Purified KGF was a potent mitogen for epithelial cells, capable 
of stimulating DNA synthesis in quiescent BALB/MK epider- 
mal keratinocytes by >500-fold with activity detectable at 0.1 
nM and maximal at 1.0 nM. Lack of mitogenic activity on 
either fibroblasts or endothelial cells indicated that KGF 
possessed a target cell specificity distinct from any previously 
characterized growth factor. Microsequencing revealed an 
amino-terminal sequence containing no significant homology to 
any known protein. The release of this growth factor by human 
embryonic fibroblasts raises the possibility that KGF may play 
a role in mesenchymal stimulation of normal epithelial cell 
proliferation. 



Growth factors are important mediators of intercellular 
communication. These potent molecules are generally re- 
leased by one cell type and act to influence proliferation of 
other cell types (1). Interest in growth factors has been 
heightened by evidence of their potential involvement in 
neoplasia. The v-sis transforming gene of simian sarcoma 
virus encodes a protein that is homologous to the B chain of 
platelet-derived growth factor (2, 3). Moreover, a number of 
oncogenes are homoiogues of genes encoding growth factor 
receptors (4). Thus, increased understanding of growth 
factors and their receptor-mediated signal-transduction path- 
ways is likely to provide insights into mechanisms of both 
normal and malignant cell growth. 

Recognizing that the vast majority of human malignancies 
are derived from epithelial tissues (5), we sought to identify 
growth factors specific for these cell types. In this commu- 
nication, we report the purification to homogeneity of such a 
growth factor released by a human embryonic lung fibroblast 
line. Our demonstration of its unique N-terminal amino acid 
sequence and epithelial cell specificity distinguishes this 
mitogen from any previously described growth factor. 

METHODS AND MATERIALS 

Cell Culture. M426 human embryonic fibroblasts (6), 
BALB/MK mouse epidermal keratinocytes (7), and NIH 3T3 
mouse embryonic fibroblasts (8) were established in this 
laboratory. CCL208 rhesus monkey bronchial epithelial cells 
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(9) were obtained from the American Type Culture Collection, 
and the B5/589 human mammary epithelial cell line, prepared 
as described (10), was a gift from M. Stampfer (Lawrence 
Berkeley Laboratory). Primary cultures of human saphenous 
vein endothelial cells were prepared and maintained as de- 
scribed elsewhere (11). Epidermal growth factor (EGF) and 
insulin were from Collaborative Research, and transforming 
growth factor type a (TGF-a) was from Genentech. Acidic 
fibroblast growth factor (aFGF) and basic FGF (bFGF) were 
gifts from J. Abraham (California Biotechnology, Inc.). Media 
and serum were from GIBCO, Biofluids (Rockville, MD), or 
the National Institutes of Health media kitchen. 

Preparation of Conditioned Medium. An early passage of 
M426 fibroblasts was plated onto 175-cm 2 T flasks and grown 
to confluence over 10-14 days in Dulbecco's modified Eagle s 
medium (DMEM; GIBCO) supplemented with 10% (vol/vol) 
calf serum (GIBCO). Once confluent, the monolayers were 
cycled weekly from serum-containing to serum-free medium, 
the latter consisting of DMEM alone. The cells were washed 
twice with 5 ml of phosphate-buffered saline prior to addition 
of 20 ml of DMEM. After 72 hr, culture fluids were collected 
and replaced with 35 ml of serum-containing medium. The 
conditioned medium was stored at -70°C until further use. 

Ultrafiltration. Approximately 10 liters of conditioned 
medium was thawed, prefiltered through a 0.50-/tm filter 
(Millipore HAWP 142 50), and concentrated to 200 ml by 
using the Pellicon cassette system (Millipore XX42 00K 60) 
and a cassette having a 10-kDa molecular mass cutoff 
(Millipore PTGC 000 05). After concentration, the sample 
was subjected to two successive rounds of dilution with 1 liter 
of 20 mM Tris-HCl, pH 7.5/0.3 M NaCl, each followed by 
ultrafiltration with the Pellicon system. Activity recovered in 
the retentate was either immediately applied to the heparin- 
Sepharose resin or stored at -70°C. 

Heparin-Sepharose Affinity Chromatography (HSAC). The 
retentate from ultrafiltration was loaded onto heparin- 
Sepharose resin (Pharmacia) that had been equilibrated in 20 
mM Tris-HCl, pH 7.5/0.3 M NaCl. The resin was washed 
extensively until the absorbance had returned to baseline and 
then was subjected to a linear-step gradient of increasing 
NaCl concentration. After aliquots were removed from the 
fractions for the thymidine incorporation bioassay, selected 
fractions were concentrated 10- to 20-fold with a Centricon- 
10 microconcentrator (Amicon) and stored at -70°C. 



Abbreviations: KGF, keratinocyte growth factor; EGF, epidermal 
growth factor: TGF-a, transforming growth factor a: aFGF, acidic 
fibroblast growth factor; bFGF, basic fibroblast growth factor; 
HSAC, heparin-Sepharose affinity chromatography; RP-HPLC, re- 
versed-phase HPLC. 

Present address: Antibiotics Laboratory. Riken Institute/Wako- 
Shi, Saitama, Japan. 
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Cellular and Molecular Biology, National Cancer Institute, Building 
37, Room 1E24, Bethesda, MD 20892. 
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judged by silver-stained NaDodS0 4 /PAGE (data not shown) 
but provided a far better recovery of activity (Table 1). The 
TSK-purified material was used routinely for biological 
studies as it had a higher specific activity. In both instances, 
the profile of mitogenic activity was associated with a distinct 
band on NaDodS0 4 /PAGE that appeared to be indistinguish- 
able in the two preparations. 

Physical and Biological Characterization of the Growth Fac- 
tor. The purified factor had an estimated molecular mass of 28 
kDa based on NaDodS0 4 /PAG E under reducing (Fig. 2) and 
nonreducing conditions (data not shown). This value was in 
good agreement with its elution position on two different sizing 



columns run in solvents expected to maintain native confor- 
mation [TSK G3000SW (Fig. 3) and Superose-12 (data not 
shown)]. From these data, the mitogen appears to consist of a 
single polypeptide chain with a molecular mass of 25-30 kDa. 

Its heat and acid lability were demonstrated by using the 
BALB/MK mitogenesis bioassay. While activity was unaf- 
fected by a 10-min incubation at 50°C, it was reduced by 68% 
after 10 min at 60°C and was undetectable after 3 min at 
100°C. Exposure to 0.5 M acetic acid for 60 min at room 
temperature resulted in a decline in activity to 14% of the 
control. In comparison, the mitogenic activity of EGF was 
not diminished by any of these treatments. 
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Frc. 3. TSK G3000SW chromatogra- 
phy of the BALB/MK mitogenic activ- 
ity. Approximately 50 /d of a Centricon 
microconcentrator-processed 0.6 M 
NaCI pool from HSAC was loaded onto a 
GlasPac TSK G3000SW column (8 x 300 
mm), previously equilibrated in 20 mM 
Tris-HCl, pH 6.8/0.5 M NaCI, and was 
eluted as 0.2-ml fractions at a flow rate of 
0.4 ml/min. Aliquots of 2 fx\ were trans- 
ferred to microliter wells and diluted to a 
final volume of 0.2 ml for assay of 
[ 3 H]thymidine incorporation (incorp.) in 
BALB/MK cells. The elution positions 
of molecular mass markers (in kDa) were 
as indicated by the arrows. 
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Table 1. Growth-factor purification 



Table 2. Target-cell specificity of growth factors 



purification step 



Protein, 
mg 



Total 
activity/ 
units 



Specific 
activity,* 
units/mg 



Conditioned medium 

(10 liters) 
Ultrafiltration 

retentate 
HSAC 

0.6 M NaCl pool 
TSK G3000SW 
C 4 HPLC 



1.4 x 

1.3 x 

0.73* 

8.4 x 
6.1 x 



10 3 t 
10 3 + 



io- 3 * 

lO" 3 * 



2.5 x 10 4 
3.2 x 10 4 

1.6 x 10 4 

2.7 x 10 3 
2.1 x 10 2 



1.8 x 

2.5 x 

2.2 x 

3.2 x 

3.4 x 



10 1 

10 1 

10 4 
10 5 
10 4 



Recoveries were calculated by assuming that all of the mitogenic 
activity in the starting material was due to the isolated factor. 
*One unit of activity is defined as half of the maximal stimulation of 
hymidine incorporation induced by TSK-purified growth factor in 
the BALB/MK bioassay. Approximately 3 ng of the TSK-purified 
factor stimulated 1 unit of activity in this bioassay. 
+ Protein was estimated by using the Bradford reagent from Bio-Rad 
(23). 

^Protein was estimated by using = 140. 

The dose-response curve for the purified growth factor 
depicted in Fig. 4 illustrates that as little as 0.1 nM led to a 
detectable stimulation of DNA synthesis. Thus, the activity 
range was comparable to that of the other growth factors 
analyzed to date. A linear relationship was observed in the 
concentration range 0.1-1.0 nM, with maximal stimulation of 
600-fold observed at 1.0 nM. The novel factor consistently 
induced a higher level of maximal thymidine incorporation 
than did EGF, aFGF, or bFGF (Fig. 4). 

Its distinctive target-cell specificity was demonstrated by 
comparing it on a variety of cell types with other growth 
factors known to possess epithelial cell mitogenic activity. 
The newly isolated factor exhibited a strong mitogenic effect 
on BALB/MK cells and induced demonstrable thymidine 
incorporation in the other epithelial cells tested (Table 2). In 
inking contrast, the factor had no detectable effects on 
n-ouse (or human, data not shown) fibroblasts or human 




1 2 3 4 5 6 

Growth factor, nM 

Fig. 4. Comparison of BALB/MK DNA synthesis in response to 
TSK-purified mitogen and other growth factors. Incorporation (in- 
corp.) of [ 3 H]thymidine into trichloroacetic acid-insoluble DNA, 
expressed as fold stimulation over background, was measured as a 
function of the concentration of the indicated growth factors. The 
background value with no sample added was 150 cpm. The results 
represent mean values of two independent experiments. Replicates 
in each experiment were within 10% of mean values. •, TSK-purified 
mitogen; A, EGF; a, aFGF; O, bFGF. 





Fold stimulation of thymidine incorporation 


Growth 


Epithelial cell line 


Fibroblast 


Endothelial 


factor 


BALB/MK 


B5/589* 


CCL208 


NIH 3T3S 


cell line t 


KGF 


500-1000 


2-3 


5-10 


<1 


<1 


EGF 


100-200 


20-40 


10-30 


10-20 


ND 


TGF-a 


150-300 


ND 


ND 


10-20 


ND 


aFGF* 


300-500 


2-3 


5-10 


50-70 


5 


bFGF 


100-200 


2-3 


2-5 


50-70 


5 



Comparison of maximal thymidine incorporation stimulated by 
KGF and other growth factors in a variety of cell lines, expressed as 
fold stimulation over background. These data represent a summary 
of four different experiments. ND, not determined. 
♦The mammary cells were grown in RPMI 1640 medium supple- 
mented with 10% fetal calf serum and 4 ng of EGF per ml. When 
maintained in serum-free conditions, the basal medium was 
DMEM. 

tHuman saphenous vein cells. 

^Maximal stimulation by aFGF required the presence of heparin 
(Sigma) at 20 /xg/ml. 

saphenous vein endothelial cells. By comparison, TGF-a and 
EGF showed good activity on fibroblasts, while aFGF and 
bFGF were mitogenic for endothelial cells as well (Table 2). 
Because of its specificity for epithelial cells and the sensi- 
tivity of keratinocytes in particular, the mitogen was provi- 
sionally designated "keratinocyte growth factor 1 * (KGF). 

To establish that KGF not only would stimulate DNA 
synthesis but also would support sustained cell growth, we 
attempted to grow BALB/MK cells in a fully defined, 
serum-free medium supplemented with this growth factor. 
KGF served as an excellent substitute for EGF but not for 
insulin (or insulin-like growth factor I) in this chemically 
defined medium (Fig. 5). Thus, KGF acts through the major 
signaling pathway shared by EGF, aFGF, and bFGF for 
proliferation of BALB/MK cells (14). 

Microsequencing Reveals a Unique N-terminal Amino Acid 
Sequence of KGF. To further characterize the growth factor, 
==150 pmol of C 4 -purified material was subjected to sequence 
analysis. A single sequence was detected with unambiguous 
assignments made for cycles 2-13 as follows: Xaa- 



a 




Fig. 5. Comparative growth of BALB/MK cells in a chemically 
defined medium in response to different combinations of growth 
factors. Cultures were plated at a density of 2.5 x 10 4 cells per dish 
on poly(D-lysine)/fibronectin-precoated 35-mm Petri dishes in 1:1 
(vol/vol) Eagle's minimal essential medium/Ham's F-12 medium 
supplemented with transferrin, Na 2 Se0 3 , ethanolamine, and the 
growth factors indicated below. After 10 days, the plates were fixed 
and stained with Giemsa. {a) No growth factor, (b) EGF alone, (c) 
Insulin alone, (d) KGF alone. (<?) EGF and dialyzed fetal calf serum 
(final concentration, 10%). (/) KGF and EGF. {g) KGF and insulin. 
(h) EGF and insulin. Final concentrations of the growth factors were 
as follows: EGF, 20 ng/ml; insulin, 10 /xg/ml; and KGF, 40 ng/ml. 
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Reversed-Phase HPLC (RP-HPLC). Active fractions (0.6 M 
NaCl pool) from the HSAC were thawed, pooled, and further 
concentrated with the Centricon-10 microconcentrator to a 
final volume of <200 pi. The sample was loaded onto a Vydac 
C 4 HPLC column (The Separations Group) that had been 
equilibrated in 0.1% trifluoroacetic acid (Fluka)/20% aceto- 
nitrile (Baker, HPLC grade) and eluted with a linear gradient 
of increasing acetonitrile. Aliquots for the bioassay were 
immediately diluted in a 10-fold excess of 20 mM Tris-HCI 
(pH 7.5) containing bovine serum albumin (fraction V, Sigma) 
at 50 /Ag/mL The remainder of the sample was dried in a 
Speed-Vac (Savant) in preparation for structural analysis. 

Molecular-Sieve HPLC. Approximately 50 microliters of 
the twice concentrated heparin-Sepharose fractions were 
loaded onto a TSK G3000SW Glas-Pac column (LKB) that 
had been equilibrated in 20 mM Tris-HCI, pH 6.8/0.5 M 
iaCI. The sample was eluted in this buffer at a flow rate of 
J.4 ml/min. After removing aliquots for the bioassay, the 
fractions were stored at -70°C. 

NaDodS0 4 /PAGE. Polyacrylamide gels were prepared 
with NaDodS0 4 by the procedure of Laemmli (12). Samples 
were boiled for 3 min in the presence of 2.5% (vol/vol) 
2-mercaptoethanol. The gels were fixed and silver-stained 
(13) by using the reagents and protocol from Bio-Rad. 
Molecular weight markers were from Pharmacia. 

Mitogenic Assay. DNA synthesis was measured as de- 
scribed elsewhere (14) with a few modifications. Ninety- 
tX-well microtiter plates (Falcon no. 3596) were precoated 
with human fibronectin (Collaborative Research) at 1 fig/cm 2 
prior to seeding with indicator cells. Incorporation of [ 3 H]- 
thymidine was monitored during a 6-hr period beginning 16 hr 
after addition of samples. 

Proliferation Assay. Culture dishes (35 mm) were precoated 
sequentially with poly(D-lysine) (20 jug/cm 2 ; Sigma) and 
human fibronectin and then were seeded with =2.5 x 10 4 
BALB/MK cells. The basic medium was 1:1 (vol/vol) 
Eagle's low-Ca 2+ minimal essential medium/Ham's F-12 
medium supplemented with 5 fxg of transferrin per ml, 30 nM 
a 2 Se0 3 , and 0.2 mM ethanoiamine (Sigma). Medium was 
changed every 2 or 3 days. After 10 days, the cells were fixed 
in formalin (Fisher) and stained with Giemsa (Fisher). 

Protein Microsequencing. Approximately 4 /ug (=150 pmol) 
of protein from the active fractions of the C 4 column were 
redissolved in 50% trifluoroacetic acid and loaded onto an 
Applied Biosystems gas-phase protein sequenator. Twenty 
rounds of Edman degradation were carried out, and identi- 
fications of amino acid derivatives were made with an 
automated on-line HPLC column (model 120A, Applied 
^iosystems). 



RESULTS 

Growth Factor Detection and Isolation. Preliminary screen- 
ing of conditioned media from various cell lines indicated that 
media from some fibroblast lines contained mitogenic activ- 
ities detectable on both BALB/MK epidermal keratinocytes 
and NIH 3T3 embryonic fibroblasts. Whereas boiling de- 
stroyed the activity on BALB/MK cells, mitogenic activity 
on NIH 3T3 cells remained intact. Based on the known heat 
stability of EGF (15) and TGF-a (16), we reasoned that 
BALB/MK mitogenic activity might be due to a different 
agent. M426, a human embryonic lung fibroblast line, was 
selected as the best source of this activity for purification of 
the putative growth factor(s). 

Ultrafiltration with the Pellicon system provided a conve- 
nient way of reducing the sample volume to a suitable level 
for subsequent chromatography. HSAC, which has been 
used in the purification of other growth factors (17-22), 
provided the most efficient purification step. While estimates 
of specific recovered activity were uncertain at this stage 
because of the likely presence of other factors, the apparent 
yield of activity was 50-70% with a corresponding enrich- 
ment of =1000-foid. More than 90% of the BALB/MK 
mitogenic activity was eluted with 0.6 M NaCl (Fig. 1) and 
was not associated with any activity on NIH 3T3 cells (data 
not shown). Because of the reproducibility of the HSAC 
pattern, active fractions could be identified presumptively on 
the basis of the gradient and absorption profile. Prompt 
concentration of 10- to 20-fold with the Centricon-10 micro- 
concentrator was found to be essential for stability, which 
could be maintained subsequently at -70°C for several 
months. 

Final purification was achieved by RP-HPLC with a C 4 
Vydac column, a preparative method suitable for amino acid 
sequence analysis. While the yield of activity from the C 4 step 
was usually only a few percent, this loss could be attributed 
to the solvents used. In other experiments, exposure to 0.1% 
trifluoroacetic acid/50% (vol/vol) acetonitrile for 1 hr at 
room temperature reduced the mitogenic activity of the 
preparation by 98%. Nonetheless, a single peak of BALB/ 
MK stimulatory activity was obtained (Fig. 2), coinciding 
with a distinct peak in the absorption profile. The peak 
fractions contained a single band on the silver-stained gel 
(Fig. IB), and the relative mitogenic activity (Fig. 2Q 
correlated well with the intensity of the band across the 
activity profile. 

An alternative step, using molecular-sieve chromatogra- 
phy with a TSK G3000SW GlasPac column run in aqueous 
solution near physiologic pH, resulted in a major peak of 
activity in the BALB/MK bioassay (Fig. 3). This preparation 
was almost as pure as the one obtained from RP-HPLC as 




20 30 

Fraction 



Fig. 1. HSAC of conditioned medium from M426 human embryonic fibroblasts. Approximately 150 ml of ultrafiltration retentate derived 
from 5 liters of M426-conditioned medium was loaded onto a heparin-Sepharose column (6-ml bed volume) in 1 hr. After the column was washed 
with 150 ml of the equilibration buffer (20 mM Tris-HCI, pH 7.5/0.3 M NaCl), the retained protein {<5% total protein in retentate) was eluted 
with a modified linear gradient of increasing NaCl concentration. Fraction size was 3.8 ml, and flow rate during gradient elution was 108 ml/hr. 
Two microliters of the indicated fractions was transferred to microtiter wells and diluted to a final volume of 0.2 ml for assay of [ 3 H]thymidine 
incorporation (incorp.) in BALB/MK cells. 
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Asn-Asp-Met-Thr-Pro-GIu-GIn-Met-Ala-Thr-Asn-Val. High 
background noise precluded an assignment for the first 
position. The initial yield was estimated to be 70 pmol, with 
a repetitive yield of 90%. A computer search using the 
FASTP program (24) revealed that the N-terminal amino acid 
sequence of KGF showed no significant homology to any 
protein in the National Biomedical Research Foundation data 
bank ( May 1988, Release 16.0). 

DISCUSSION 

In the present study, we identified a human growth factor that 
has a distinctive specificity for epithelial cells. By using 
ultrafiltration, HSAC, and RP-HPLC orTSK molecular sieve 
chromatography, we isolated a quantity sufficient to permit 
detailed characterization of the physical and biological prop- 
erties of this molecule. A single silver-stained band corre- 
sponding to a molecular mass of 28 kDa was detected in the 
active fractions from RP-HPLC, and the intensity of the band 
was proportional to the level of mitogenic activity in these 
fractions. A band indistinguishable from that obtained by 
RP-HPLC was seen in the active fractions from TSK chro- 
matography. The purified protein stimulated DNA synthesis 
in epithelial cells at subnanomolar concentrations but failed 
to induce any thymidine incorporation in fibroblasts or 
endothelial cells at comparable or higher concentrations (up 
to 5 nM). Its unique target-cell specificity and N-terminal 
amino acid sequence lead us to conclude that it represents a 
previously unreported growth factor. 

In a chemically defined medium, the purified factor was 
able to complement the insulin-like growth factor I/insulin 
growth requirement of BALB/MK cells and, therefore, must 
act through a signal-transduction pathway shared with EGF, 
TGF-a, and the FGFs. Moreover, the purified factor was 
more potent than any of the known epithelial cell mitogens in 
stimulating thymidine incorporation in BALB/MK cells. 
Preliminary evidence indicates that this factor is also capable 
of supporting proliferation of secondary human keratinocytes 
(our unpublished observations). In view of its preferential 
activity on the keratinocytes compared with other epithelial 
cells, we have provisionally named it KGF. 

The ability of KGF to bind heparin may signify a funda- 
mental property of this factor that has a bearing on its 
function in vivo. Growth factors with heparin-binding prop- 
erties include aFGF (20-22), bFGF (19, 22), granulocyte- 
macrophage colony-stimulating factor (25), and interleukin 3 
(25). Each of these is produced by stromal cells (25-27). Such 
factors appear to be deposited in the extracellular matrix or 
on proteoglycans coating the stromal cell surface (25, 28). It 
has been postulated that their storage, release, and contact 
with specific target cells are regulated by this interaction (25, 
28). While mesenchymal-derived effectors of epithelial cell 
proliferation have also been described (29-31), their identi- 
ties have not been elucidated. Its heparin-binding properties, 
release by human embryonic fibroblast stromal cells, and 
epithelial cell tropism provide KGF with all of the properties 
expected of such a paracrine mediator of normal epithelial 
cell growth. The partial amino acid sequence determined for 
this new growth factor should aid in efforts to molecularly 
clone its coding sequence and ascertain its relationship, if 
any, to known families of growth factors as well as its 
possible role in diseases characterized by epithelial cell 
dysplasia or neoplasia. 

Note. Using oligonucleotide probes based on the N-terminal se- 
quence reported in this manuscript, we have isolated clones encoding 
KGF from an M426 cDNA library. Sequence analysis reveals that 
KGF is a distinctive molecule with significant structural homology to 



the other five known members of the FGF family (32-35) (unoub 
lished data). 

We thank Janet Pumphrey for her excellent technical assistance in 
operating the gas-phase protein sequenator as well as Drs. John 
Sharefkin and Tim Fleming for providing and maintaining the human 
saphenous vein endothelial cells. 

1. James, R. & Bradshaw, R. A. (1984) Annu. Rev. Biochem 53 
259-292. 

2. Doolittle, R. F., Hunkapiller, M. W., Hood, L. E., Devare, 
S. G., Robbins, K. C, Aaronson, S. A. & Antoniades, M. N 
(1983) Science 221, 275-277. 

3. Waterfield, M. D., Scrace, G. J., Whittle, N., Strooband, P 
Johnson, A., Wasteton, A., Westermark, B., Heldin, C.-H ' 
Huang, J. S. & Deuel, T. F. (1983) Nature (London) 304, 35- 
39. 

4. Hunter, T. & Cooper, J. A. (1985) Annu. Rev. Biochem. 54, 
897-930. 

5. Wright, N. & Allison, M. (1984) The Biology of Epithelial Ceil 
Populations (Oxford Univ. Press, New York), Vol. 1, pp. 3-5 

6. Aaronson, S. A. & Todaro, G. J. (1968) Virologv 36, 254-261 

7. Weissman, B. E. & Aaronson, S. A. (1983) Cell 32, 599-606. 

8. Jainchill,J. L., Aaronson, S. A. & Todaro, G. J. (1969)7. Virol 
4,549-553. 

9. Caputo, J. L., Hay, R. J. & Williams. C. D. (1979) In Vitro 15, 
222-223. 

10. Stampfer, M. R. & Bartley, J. C. (1985) Proc. Natl. Acad. Sci. 
USA 82, 2394-2398. 

11. Sharefkin, J. B., Fairchild, K. D., Albus, R. A., Cruess, D. F 
& Rich, N. M. (1986) 7. Surg. Res. 41, 463-472. 

12. Laemmli, U. K. (1970) Nature (London) 227, 680-685. 

13. Merril, C. R., Goldman, D., Sedman, S. A. & Ebert, M. H. 
(1981) Science 211, 1437-1438. 

14. Fa!co,J. P., Taylor, W. G., DiFiore, P. P., Weissman, B. E.& 
Aaronson, S. A. (1988) Oncogene 2, 573-578. 

15. Cohen, S. (1962) 7. Biol. Chem. 237, 1555-1562. 

16. DeLarco, J. E. & Todaro, G. J. (1978) Proc. Natl. Acad. Sci. 
USA 75, 4001-4005. 

17. Raines, E. W. & Ross, R. (1982)7. Biol. Chem. 257, 5154-5160. 

18. Shing, Y., Folkman, J., Sullivan, R., Butterfleid, C, Murray, 
J. & Klagsburn, M. (1984) Science 223, 1296-1299. 

19. Gospodarowicz, D., Cheng, J., Lui, G.-M., Baird, A. & 
Bohlen, P. (1984) Proc. Natl. Acad. Sci. USA 81, 6963-6967. 

20. Maciag, T., Mehlman, T., Friesel, R. & Schreiber, A. B. (1984) 
Science 225, 932-935. 

21. Conn, G. & Hatcher, V. B. (1984) Biochem. Biophys. Res. 
Commun. \1A, 262-268. 

22. Lobb, R. R. & Fett, J. W. (1984) Biochemistry 23, 6295-6299. 

23. Bradford, M. (1976) Anal. Biochem. 72, 248-254. 

24. Lipman, D. J. & Pearson, R. W. (1985) Science 227, 1435- 
1441. 

25. Roberts, R., Gallagher, J., Spooncer, E., Allen, T. D., Bloom- 
field, F. & Dexter, T. M. (1988) Nature (London) 332, 376-378. 

26. Libermann, T. A., Friesel, R., Jaye, M., Lyall, R. M. f Wes- 
termark, B., Drohen, W., Schmidt, A., Maciag, T. & Schles- 
singer, J. (1987) EMBO 7. 6, 1627-1632. 

27. Shipley, G. D., Sternfeld, M. D., Coffey, R. J. & Pittelkow, 
M. R. (1988)7. Cell. Biochem. 125, Suppl. 12A, C420 (abstr.). 

28. Vlodavsky, I., Folkman, J., Sullivan, R., Fridman, R., Ishai- 
Michaeli, R., Sasse, J. & Klagsburn, M. (1987) Proc. Natl. 
Acad. Sci. USA 84, 2292-2296. 

29. Gilchrest, B. A., Karassik, R. L., Wilkins, L, M., Vrabel, 
M. A. & Maciag, T. (1983) 7. Cell. Physiol. 117, 235-240. 

30. Chan, K. Y. & Haschke, R. H. (1983) Exp. Eye Res. 36, 231- 
246. 

31. Stiles, A. D., Smith, B. T. & Post, M. (1986) Exp. Lung Res. 
U, 165-177. 

32. Dickson, C. & Peters, G. (1987) Nature (London) 326, 833. 

33. Taira, M., Yoshida, T., Miyagawa, K., Sakamoto, M., Terada, 
M. & Sugimura, T. (1987) Proc. Natl. Acad. Sci. USA 84, 2980- 
2984. 

34. Delli Bovi, P., Curatola, A. M., Kern, F. G., Greco, A., 
Ittman, M. & Basilico, C. (1987) Cell 50, 729-737. 

35. Zhan, X., Bates, B., Hu, X. & Goldfarb, M. (1988) Mol. Cell. 
Biol. 8, 3487-3495. 



6 | Quality | Selection | Performance | Results 



Contact Information 



i 




China 

Jingmei Biotech Co. Ltd. 
14FI Kaiyuan Plaza 
7001 Beihuan Avenue 
Shenzhen 51 8034, China 
(86)755 8354 6191 (tele) 
(86)755 8354 6196 (fax) 
admin@jingmei.com (email) 
wwAV.jingmei.com 

Branches in Beijing, Shanghai Guangzhou, 
Wuhan & Chengdu 

Biochem21, Inc. 
No.220Jui Shi Western 
Suburban Garden 
No.168 Lao Hu Qing Ping Road 
Shanghai 201 702 China 
(86)21 5988 0399 (tele) 
(86)21 5988 0321 (fax) 
union702@yahoo.com (email) 



TWC Biosearch International 
Rm 1 1 16, 11 /F., Metropole Square 
2 On Yiu Street, Shatin, Hong Kong. 
Shatin P.O. Box 50, Hong Kong 
(852) 2649 9988 (tele, sales) 
(852) 2649 9982 (tele, technical) 
(852) 2635 0379 (fax) 
twc@twcbiosearch.com (email) 
www.twcbiosearch.com 

Genetimes Technology Inc. 
Headquarters 

2nd Floor,No.15 QinJiang Rd. 

Shanghai 200233 

China 

(86)21 5426 2677 (tele, Sales) 

(86) 21 6439 8855 (fax, Sales) 

order@genetimes.com.cn (email) 

www.genetimes.com.cn 

Branches in Beijing, Guangzhou, Chengdu, 

Wuhan, Nanjing, Hangzhdu,Xi'an & 

Hongkong 



Argentina 

Biocientifica S.A. 
Iturri 232-(C1427ADD) 
Buenos Aires- 
Rep. Argentina 
(54) 114857 5005 (tele) 

(54) 11 4857 1004 (fax) 
bioarventas@biocientifica .com.a r (em ai I) 
www.biocientifica.com.ar 

Australia 

Bio-Scientific Pty.Ltd. 
P.O.Box 78 
Gymea 2232 N.S.W. 
Australia 

1300 BIOSCI (246724) (tele) 
(02) 9542 3100 (fax) 
info@biosd.com.au (email) 
www.biosci.com.au 

Austria 

Biomedica Medizinprodukte 
GesmbH&CoKG 
Divischgasse 4 
1 21 OWien, Austria 
(43)1 291 0754 (tele) 

(43) 1 291 0771 (fax) 
sales.biomedica@bmgrp.at (email) 
www.biomedica.co.at 

Belgium 

see United Kingdom & Europe 
0800 10 468 (free phone) 

(44) 1235 533420 (fax) 
info@RnDSystems.co.uk (email) 

Brazil 

LGC do Brasil 
R.Augusto Nunes419 
Rio de Janeiro, RJ 20770-270 
Brazil 

(55) 21 2592 6642 (tele) 
(55)21 2593 3232 (fax) 
08007040477 (toll) 
info@lgcdobrasil.com (email) 
www.Igcdobrasil.com 



Bulgaria 

SOFBIOLIFE-BIOMEDICA Ltd. 
52,Gurko Str.F!oor5 
BG-1000 Sofia 
Bulgaria 

(359)29884733 (tele) 
(359)2 981 1883 (fax) 
office@sofbiolife.com (email) 

Canada 

R&D Systems Inc. 
614 McKinley Place N£. 
Minneapolis, MN 55413 
USA 

612 379 2956 (tele) 
800 343 7475 (free phone) 
612 656 4400 (fax) 
info@RnDSystems.com (email) 

Cedarlane Laboratories Ltd 
5516 8th Line,R.R.#2 
Hornby, ON Canada LOP 1 EO 
(905)8788891 (tele) 
1 800 268 5058 (freephone) 
(905) 878 7800 (fax) 
info@cedarlanelabs.com (email) 
www.cedarlanelabs.com 

Chile 

Microbac Ltd. 
Seminaro# 142 
Providencia-Santiago 
Chile 

(56)2 634 7097 (tele) 
(56)2634 7243 (tele) 
(56)2634 7850 (fax) 
ventas@microbac.cl (email) 
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EG-VEGF Antibodies 



Analyte 


Label 


Type 


Applications 

• ncLOiTirncnucu "wmci 


Catalog # 


Size 


Price 


Human EG-VEGF 


None 


Human EG-VEGF specific polyclonal 
goat IgG 


• Western Blot 




inn i in 




Human EG-VEGF 


Biotin 


Human EG-VEGF specific polyclonal 
goat IgG 


• Western Blot 


BAF1209 


50 ug 


$380 


Human EG-VEGF 


None 


Monoclonal mouse IgG^ clone # 188601 


• Western Blot 


MAB1209 


500 ug 


$295 


Human/Mouse/Rat 
EG-VEGF 


None 


Monoclonal mouse lgG 2B/ clone # 239727 


• Western Blot 


MAB2100 


500 ug 


$295 


Rat EG-VEGF 


None 


Rat EG-VEGF specific polyclonal sheep IgG 


• Western Blot 


AF2100 


100ug 


$355 


Rat EG-VEGF 


Biotin 


Rat EG-VEGF specific polyclonal sheep IgG 


• Western Blot 


BAF2100 


50 ug 


$380 



EGF (Epidermal Growth Factor) 

EGF, also known as urogastrone, is the prototypic member of a family of growth factors derived from membrane-anchored precursors. All 
members of this family are characterized by the presence of at least one EGF structural unit in their extracellular domain. A wide variety of in vitro 
and in vivo biological effects have been ascribed to EGF and other members of the EGF family. EGF promotes proliferation and differentiation of 
mesenchymal and epithelial cells. 
Activity is tested using the following assay: 

1 . Measured by its ability to stimulate 3 H-thymidine incorporation in a mouse fibroblast cell line Balb/3T3 (Rubin, J.S. er al, 1 991 , Proc. Natl. Acad. Sci. USA 88:41 5). 



Proteins 



Protein 


Form 


Source Activity 




Catalog # 


Size 


Price 


Human EGF 


Lyophilized without £ co//-expressed The ED^ is typically 0.1 - 0.4 ng/mL 
a carrier protein 


236-EG-200 
236-EG-01M 


200 ug 
1 mg 


$125 
$405 


Mouse EGF 


Lyophilized without £ co//-expressed The ED 50 is typically 0.04 - 0.1 6 ng/mL 
a carrier protein 


2028-EG-200 


200 ug 


$230 


1 Antibodies 












Analyte 


Label 


Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human EGF 


None 


Human EGF specific polyclonal goat IgG 


• Neutralization 

• Western Blot 

• Immunocytochemistry 


AF236 


100 pg 


$355 


Human EGF 


Biotin 


Human EGF specific polyclonal goat IgG 


• ELISA Detection 

• Western Blot 


BAF236 


50 ug 


$380 


Human EGF 


None 


Monoclonal mouse IgG |( clone # 10825 


• Neutralization 

• Western Blot 

• Immunocytochemistry 


MAB236 


500 ug 


$295 


Human EGF 


None 


Monoclonal mouse IgG,, clone # 10827 


• ELISA Capture 

• Immunocytochemistry 
o Neutralization 

o Western Blot 


MAB636 


500 ug 


$295 


Mouse EGF 


None 


Mouse EGF specific polyclonal goat IgG 


• Neutralization 

• Western Blot 

• Immunocytochemistry 


AF2028 


100 ug 


$355 


Mouse EGF 


Biotin . 


Mouse EGF specific polyclonal goat IgG 


• Western Blot 


BAF2028 


50 ug 


$380 



At 



ti"< 



Mouse EGF 



None 



Monoclonal rat IgG^ clone # 262930 



Western Blot 



MAB2028 500 ug $295 



These products are for research use only and not for use in humans. 
Proteins and Antibodies are available in bulk quantities. Please inquire. 
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ELISA&Activty Assays 



Analyte 



Sample Types 



Sample 
Requirement 



Sensitivity 



Range 



Catalog # 



Size 



Price 



Human EGF* 

Quantikine 
Colorimetric 
Sandwich ELISA 



• Serum (S) 

• Platelet-poor Citrate, 
EDTA, and Heparin 
Plasma (P) 

• Cell Culture Supernate (Q 

• Urine (U) 



10uL(S) 

200uL(P,O 

10uL(U) 



<0.7pg/mL 3.9-250 pg/mL DEGOO 1 Plate $450 

SEGOO 6 Plates Inquire 

PDEGOO 50 Plates Inquire 



'Contains Mercury, Dispose According to Local, State or Federal Laws. 

ELISA Development Kits 



Analyte Recommended Range 


Catalog # 


Reagents for* 


Price 


Human EGF 3.9-250 pg/mL 
*Also available in 45 plate Economy Packs for $1390. 


DY236 


15 Plates 


$645 


€ Fluorokine MAP Multiplex Kits for the Luminex Platform 








Base Kit 


Catalog # 


Size 


Price 


Human Panel B 


LUB000 


1 Kit 


$215 


Analyte Kit Sample Types 


Catalog # 


Size 


Price 


Human EGF • Serum 


LUB236 


100 Tests 


$170 



• EDTA and Heparin Plasma 

• Cell Culture Supernate 

For more details on Multiplex products, please see page 875. 



EGFR (Epidermal Growth Factor Receptor) 

The epidermal growth factor receptor (EGF R) subfamily of receptor tyrosine kinases comprises four members: EGF R (also known as HER-1, ErbB 1 
or ErbB), ErbB2 (Neu, HER-2), ErbB3 (HER-3), and ErbB4 (HER-4). ErbB family members serve as receptors for the EGF family of growth factors. 



Proteins 



Protein 



Form 



Source 



Activity 



Catalog # 



Size Price 



Human EGF R Lyophilized with a NSO-expressed This protein's activity has not been tested. 

Extracellular Domain carrier protein 



1095-ER-002 



2ug 



$99 
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FGF acidic (Fibroblast Growth Factor acidic) 

FGF acidic also known as FGF-1 and ECGF, is a member of the FGF family of mitogenic peptides. FGF acidic and basic, unlike the other members of 
tne ramiiy, lack signal peptides and are apparently secreted by mechanisms other than the classical protein secretion pathway. The nucleotide 
sequence of human FGF acidic predicts a 1 55 amino acid protein. 

Activity is tested using the following assay: 

1 ' Methods^ 3 H-thymidine incorporation in quiescent NR6R-3T3 fibroblasts (Rizzino, A. ef al, 1 988, Cancer Res. 48:4266; Thomas, K., 1 987, 



Proteins 



Protein 



Form 



Source 



Activity 



Bovine FGF acidic 



Catalog # 



Lyophilized with a Bovine brain 
carrier protein 



The EDjo is typically 0.1 - 0.3 ng/mL 



132-FA-025 



Size Price 

25 ug $350 



Human p-ECGF Lyophilized with a £ co//-expressed The ED 50 is typically 0.1 - 0.3 ng/mL in the presence 23 1 -BC-025 
carrier protein of! Oug/mL heparin. 



Human FGF acidic Lyophilized with a £ co//-expressed The ED^ is typically 0.1 - 0.3 ng/mL in the presence 232-FA-025 
carrier protein of 1 0 ug/mL heparin. 



25 ug $230 



25 ug $175 



To order the carrier-free form, add VCF" to the end of the catalog number (e.g., 1 32-FA-025/CF), 

Y Antibodies 



Analyte 


Label 


Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Bovine FGF acidic 


None 


Polyclonal total rabbit IgG 


• Neutralization 


AB-32-NA 


1 mg 


$355 








• Western Blot 




Human FGF acidic 


None 


Human FGF acidic specific polyclonal 
goat IgG 


• Neutralization 

• Western Blot 

• Immunocytochemistry 


AF232 


100 ug 


$355 


Human FGF acidic 


Biotin 


FGF acidic specific polyclonal goat IgG 


* Western Blot 


BAF232 


50 ug 


$380 


Human FGF acidic 


None 


Monoclonal mouse IgG,, clone #3117 


• Western Blot 


MAB232 


500 ug 


$295 


6 ELISA & 


Activity Assay Kits 










Analyte 


Sample Types 


Sample Sensitivity Range 
Requirement 


Catalog # 


Size 


Price 



Quantikine 
Colorimetric 
Sandwich EUSA 



50 uL 



• EDTA and Heparin Plasma 

• Cell Culture Supernate 

• Urine 



13.9 pg/mL 



31.2-2000 pg/mL DFAOOB 



1 Plate 



$495 



I 
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FGF-1 0 (Fibroblast Growth Factor 1 0) 



FGF-l 0 is a member of the FGF family of heparin-binding mitogenic peptides.The human FGF-1 0 cDNA encodes a 208 amino acid residue protein 
with a hydrophobic amino-terminal signal peptide. Based on its in vitro biological activities and in vivo expression pattern, FGF-1 0 has been pro- 
posed to play unique roles in the brain, in lung development, wound healing and limb bud formation. 

Activity is tested using the following assay: 

1 . Measured by its ability to stimulate the proliferation of a monkey epithelial cell line,4MBr-5 (Rubin, J.S. eta/., 1 989, Proc. Natl. Acad. Sci. USA 86:802). 



Proteins 



Protein 



Form 



Source 



Activity 



Catalog # 



Size Price 



Human FGF-1 0 Lyophilized with a E. coli-ex pressed The EDso is typically 100 -300 ng/mL 

carrier protein 



345-FG-025 25 ug $250 



To order the carrier-free form, add 7CF" to the end of the catalog number (e.g., 345-FG-025/CF). 

Y Antibodies 



Analyte 


Label 


Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human FGF-1 0 


None 


Human FGF-1 0 specific polyclonal goat IgG • 

• 


Western Blot 
Immunocytochemistry 


AF345 


100 ug 


$355 


Human FGF-1 0 


Biotin 


Human FGF-1 0 specific polyclonal goat IgG • 


Western Blot 


BAF345 


50 ug 


$380 


Human FGF-1 0 


None 


Monoclonal mouse lgG 2B/ clone # 1 86803 • 


Western Blot 


MAB345 


500 ug 


$295 



FGF-1 1 (Fibroblast Growth Factor 11) 

FGF homologous factors exhibit sequence similarity with FGF family growth factors. FHFs are heparin-binding proteins like other FGFs, but they 
do not interact with FGF receptors. FHFs are intracellular^ localized, and some have been shown to interact directly with cytoplasmic proteins. 
FGF-1 1, also known as FHF-3, is expressed in the pancreas and neuronal precursors. 



Y 



Antibodies 



Analyte 


Label 


Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human FGF-1 1 


None 


Human FGF-1 1 specific polyclonal 
sheep IgG 


• Western Blot 


AF1634 


100 ug 


$355 


Human FGF-1 1 


Biotin 


Human FGF-1 1 specific polyclonal 
sheep IgG 


• Western Blot 


BAF1634 


50 ug 


$380 


Human FGF-1 1 


None 


Monoclonal mouse \gG 2Bt clone # 224812 


• Western Blot 


MAB1634 


500 ug 


$295 



FGF-1 2 (Fibroblast Growth Factor 12) 

FGF-1 2 is a member of the FGF superfamily of heparin-binding mitogenic molecules characterized by the presence of a core, 120 amino acid (aa) 
P-trefoil structure. FGF-1 1,-1 2,-1 3,-14, originally termed FGF homologous factors (FHF) -3, -1,-2, and -4, respectively, form a subgroup within the 
FGF family.Human FGF-1 2/FHF-1 is synthesized as a 243 aa protein. It lacks a typical signal sequence and is considered cytoplasmic. It also possess 
an N-terminal bipartite nuclear localization signal at aa 1 1-18 and 28-38. 

Activity is tested using the following assay: 

1 . Measured by its ability to bind immobilized rhFGF R4 or R5 in a functional ELISA. 

Proteins 



Protein 



Form 



Source 



Activity 



Catalog # 



Size Price 



Human FGF-1 2 



Lyophilized with a E. co//-expressed Binds with a linear range of 1 .6 - 1 00 ng/mL 
carrier protein 



2246-FG-025 



25 ug $315 



To order the carrier-free form, add VCF" to the end of the catalog number (e.g., 2246-FG-025/CF). 



These products are for research use only and not for use in humans. 
Proteins and Antibodies are available in bulk quantities. Please inquire. 
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1 5(S)-HETE (15(S)-Hydroxyeicosatetraenoic Acid) 

15(S)hydroxyeicosatetraenoic acid (15(S)-HETE) is the primary hydroxy derivative formed by the actions of 15-lipoxygenase and 
cyclooxygenase-1 on arachidonic acid. Increased levels of 1 5(S)-HETE are associated with asthma, rhinitis,chronic paranasal sinusitis and rheuma- 
toid arthritis. 1 5(S)-HETE is thought to play a role in paracrine regulation of smooth muscle and lung neutrophil recruitment by incorporating into 
inositol phospholipids and modifying the regulation of intracellular calcium. 

ELISA & Activity Assay Kits 



IF 



Analyte 



15{S)-HETE 

Colorimetric 
Competitive ELISA 



Sample Types 



Sample 
Requirement 



Sensitivity 



Serum (S) 

Citrate, EDTA, and Heparin 
Plasma (P) 

Cell Culture Supernate (Q 
Urine (U) 



10uL(S) 
25 uL(P) 
100uL(C) 
13uL(U) 



< 69 pg/mL 



Range 



Catalog # 



Size Price 



78.1-20,000 pg/mL DE3000 



1 Plate 



$360 




HGF (Hepatocyte Growth Factor) 

Hepatocyte growth factor (HGF), also known as Hepatopoietin A, is mitogenic for a variety of cell types, including endothelial and epithelial cells, 
melanocytes, and keratinocytes.lt is identical to scatter factor, a fib roblast-derived soluble factor that promotes the dissociation of epithelial and 
vascular endothelial cell colonies in monolayer cultures by stimulating cell migration. HGF is secreted as an inactive single chain precursor and is 
converted to the heterodimeric active form by HGF activator. 

Activity is tested using the following assays: 

1. Measured by its ability to stimulate 5 H-thymidine incorporation in an HGF-responsive epithelial cell line,4MBr-5 (Rubin, J.S. era/., 1991, Proc. Natl. Acad. ScL USA 
88:415). 

2. Measured by its ability to stimulate 3 H-thymidine incorporation in an mouse epithelial cell line, IMDC. 



Proteins 



Protein 


Form 


Source Activity 




Catalog # 


Size 


Price 


Human HGF 


Lyophilized with a Sf21 -expressed The ED^ is typically 20 - 40 ng/mL in assay 1 . 
carrier protein 


294-HG-005 
294-HG-025 


5ug 
25 ug 


$330 
$1090 


Human HGF 


Lyophilized with a NSO-expressed The ED^ is typically 20 - 40 ng/mL in assay 1 . 
carrier protein 


294-HGN-005 
294-HGN-025 


Spg 
25 ug 


$330 
$1090 


Mouse HGF 


Lyophilized with a NSO-expressed The EDso is typically 1 0 - 30 ng/mL in assay 2. 
carrier protein 


2207-HG-025 


25 M g 


$315 


To order the carrier-free form, add 7CF" to the end of the catalog number (e.g., 294-HG-025/CF). 








Y Antibodies 












Analyte 


Label 


Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human HGF 


None 


Human HGF specific polyclonal goat IgG 


• Neutralization 

• Western Blot 

• Immunocytochemistry 


AF-294-NA 


100ug 


$355 


Human HGF 


Biotin 


Human HGF specific polyclonal goat IgG 


• ELISA Detection 

• Western Blot 


BAF294 


100 ug 


$380 


Human HGF 


None 


Monoclonal mouse IgG,, clone # 24612 


• Neutralization 


MAB294 


500 ug 


$295 








• Western Blot 






Human HGF 


None 


Monoclonal mouse IgG,, clone #24516 


• ELISA Capture 

• Western Blot 


MAB694 


500 ug 


$295 


Mouse HGF 


None 


Mouse HGF specific polyclonal goat IgG 


• Western Blot 

• Immunocytochemistry 


AF2207 


100ug 


$355 


Mouse HGF 


Biotin 


Mouse HGF specific polyclonal goat IgG 


• Western Blot 


BAF2207 


so ug 


$380 
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HGF ELISA & Activity Assay Kits 



Analyte Sample Types 


SamDle ^oncitJi/ii-w 
'r lc J<in»iiiviiy 

Requirement 


Range 


Catalog # Size 


Price 


numan n«r • berum 

SSSSfc * CitrateandEDTAPfesma 

Sandwich ELISA * Celt Culture Supernate 


50 ul <40pg/mL 


125-8000 pg/mL 


DHGOO i Plate 
SHGOO 6 Plates 
PDHGOO 50 Plates 


$495 
Inquire 
Inquire 


ELISA Development Kits 






• 




Analyte 


Recommended Range 


Catalog # 


Reagents for* 


Price 


Human HGF 


125-8000 pg/mL 


DY294 


15 Plates 


$645 


Also available in 45 plate Economy Packs for $ 1390. 










W Fluorokine MAP Multiplex Kits for the Luminex Platform 








Base Kit 




Catalog # 


Size 


Price 


Human Panel B 




LUB000 


1 Kit 


$215 


Analyte Kit Sample Types 




Catalog # 


Size 


Price 


Human HGF . Cell Culture Supernates 

• Serum 


LUB294 


100 Tests 


$170 



• EDTA Plasma 

• Heparin Plasma 

For more details on Multiplex products, please see page 875. 

HGF Activator (hgfa) 

ar?H F n^iK r * 3 ^"t P™?"* 5 ^ deaves sln 9 ,e ^ haln HGF Precursor, generating the active heterodimer. HGFA is secreted by the liver 
?nh!bito™ ° m 35 ^ ^ Zym ° 9ea Whkh Can be 3CtiVated by thrombln - The actlv * protease is regulated by HGFA 

Activity is tested using the following assay: 

1. Cleavage of a fluorogenic peptide substrate,Mca-RPKPVE-NVal-WRK(Dnp)-NH 2 (Catalog # ES002). 

^ Proteins 



Protein 


Form 


Source 


Activity 


Catalog # 


Size 


Price 


Human 

HGF Activator 


Solution without a 
carrier protein 


NSO-expressed 


The specific activity is >15 pmole/min/ug. 


1514-SE-010 


10 ug 


$315 


Mouse 

HGF Activator 


Solution without a 
carrier protein 


NSO-expressed 


The specific activity is > 100 pmole/min/ug. 


1200-SE-010 


I0ug 


$315 



These products are for research use only and not for use in humans. 
Proteins and Antibodies are available in bulk quantities. Please inquire. 
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IFN -CO (Interferon omega) 



Interferon-w (IFIM-co), a type ! interferon, is a monomeric glycoprotein distantly related in structure to IFN-ct and IFN-fr but unrelated to IFN-v The 
human type I interferon receptor complex, which mediates the biological activity of IFN-a and IFN-fralso binds IFN-co. The complex is composed 
of a 100 kDa ligand-binding subunit (IFN-ct Rl) and a 125 kDa subunit (IFN-a R2) that is involved both in ligand binding and signal transduction 
IFN-co is secreted by virus-infected leukocytes. 

Activity is tested using the following assay: 

Inhibition Assay for Interferon" in Methods in Enzymology, S. Pestka, ed., Academic Press, New York, Vol. 78, 387-394). ywp«ni C crre« 

Proteins 



Protein Form 


Source Activity 


Catalog # 


Size 


Price 


Human IFN-co Frozen with a carrier 
protein 


E co//-expressed The specific activity is 1 x 10 8 units/mg. 


11395-1 


25 ug 


$300 


*Please call to inquire about carrier-free forms. 










Y Antibodies 










Analyte Label Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human IFN-co None Monoclonal mouse lgG„ clone #OMG-4 • ELISA Capture or Detection 

• Neutralization 


21395-1 


100 ug 


$270 


fi ELISA & Activity Assay Kits 










Analyte Sample Types 


Sample Sensitivity Range 
Requirement 


Catalog # 


Size 


Price 


Human IFN-co • Serum 
Colorimetric . „, 
Sandwich EUSA Hasma 

• Cell Culture Supernate 


100 mL NA 3-500 pg/mL 


41395-1 


1 Plate 


$555 



mm 




IGF-I (Insulin-like Growth Factor I) 

IGF-I (also known as somatomedin C) and IGF-II (also known as somatomedin A and MSA) belongs to the family of insulin-like growth factors that 
are structurally homologous to proinsulin. IGF-I is a potent mitogenic growth factor that mediates the growth-promoting activities of growth hormone 
postnatally. In addition, recent evidence also suggests a role for IGF-I during embryonic growth and differentiation. 
Activity is tested using the following assay: 

1 484083?* ^ ' tS abi ' ity t0 indUCe prollferat ' on of the human breast carcinoma ceM n ne, MCF-7, under serum free conditions (Karey, K.P. er al, 1 988, Cancer Res. 



Proteins 



Protein 



Human IGF-I 



Mouse IGF-I 



Form 



Source 



Activity 



Catalog # 



Lyophilized without £ co//-expressed The EDso is typically 1 - 3 ng/mL 
a carrier protein 



291-G1-050 
291-G1-250 



Lyophilized without £ co//-expressed The ED 50 is typically 1 - 3 ng/mL 
a carrier protein 



791-MG-050 



Size Price 



50 ug 
250 ug 



$170 
$545 



50 ug 



$175 



Tel (800) 343-7475 Fax (612) 656-4400 U.S. & Canada | U.K. & Europe Tel +44 (0) 1 235 529449 Fax +44 (0) 1 235 533420 
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KGF/FGF-7 (Keratinocyte Growth Factor) 

KGF (Keratinocyte growth factor), also known as FGF-7, is a member of the FGF superfamily of heparin-binding mitogenic molecules characterized 
by the presence of a core, 1 20 amino acid (aa) p-trefoil structure. Human KGF is a 1 94 amino acid (aa) precursor protein from which the N-terminal 
31 aa are cleaved to generate the mature KGF. 

Activity is tested using the following assay: 

1 . Measured by its ability to stimulate the proliferation of a monkey epithelial cell line, 4MBr-5 (Rubin, J.S. era/., 1 989, Proc. Natl. Acad. Sci. USA 86:802). 



Proteins 



Protein Form Source Activity 


Catalog # 


Size 


Price 


Canine FGF-7/KGF Lyophilized with a £ co//-expressed The ED*, is typically 25 - 50 ng/mL 

rarripr nrntpin 


1957-KG-025 


25 ug 


$315 


Human FGF-7/KGF Lyophilized with a £ co//-expressed The ED^ is typically 15-25 ng/mL 
carrier protein 


251-KG-010 
251-KG-050 


10 ug 
50 ug 


$285 
$860 


To order the carrier-free form, add VCF" to the end of the catalog number (e.g., 1 32-FA-025/CF). 








Y Antibodies 








Anaiyte Label Type Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human KGF None Human KGF specific polyclonal goat IgG • Neutralization 


AF-251-NA 


250 ug 


$315 


• Western Blot 






• Immunocytochemistry 








Human KGF Biotin Human KGF specific polyclonal goat IgG • ELISA Detection 


BAF251 


50 ug 


$380 


• Western Blot 






Human KGF None Monoclonal mouse IgG,, clone # 29522 • Neutralization 


MAB251 


500 ug 


$295 


• ELISA Capture 






Human KGF None Monoclonal mouse IgG,, clone #29568 • Western Blot 


MAB2511 


500 pg 


$295 


(m ELISA & Activity Assay Kits 








Anaiyte Sample Types Sample Sensitivity Range 

Requirement 


Catalog # 


Size 


Price 


Human KGF/FGF-7 • Serum 100 uL <15pg/mL 31.2-2000 pg/mL 

SSc * C|trate,EDTAandHeparin 

Sandwich EUSA a ma 

• Cell Culture Supernate 


DKG0O 


1 Plate 


$495 


fi ELISA Development Kits 








Anaiyte Recommended Range Catalog # 


Reagents for* 




Price 


Human KGF/FGF-7 31.2-2000 pg/mL DY251 


15 Plates 




$645 



*Also available in 45 plate Economy Packs for $1390. 

KIAPseeLivina 



These products are for research use only and not for use In humans. 
Proteins and Antibodies are available in bulk quantities. Please inquire. 
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TfR (Transferrin Receptor) 

Snsferr/n ItaS^^^" T^f" °* T T** by Ce " S ' TfR * 3 transmembrane homodimer that binds and internalizes diferric 
hatSn Hp ™ ? m 15 ' ocal,ze f l t0 f r y t r hro,d P^genitor cells. Soluble TfR (sTfR) arises from proteolysis of TfR leading to monomers 

that can be measured in plasma and serum. Levels of sTfR in plasma or serum have been used as an indirect measure of total TfR 



Y 



Antibodies 



Analyte 


Label 


Type 


Applications 

• Recommended o Other 


Catalog # 


Size 


Price 


Human TfR 

Extracellular Domain 


None 


Human TfR specific polyclonal goat IgG 


• Western Blot 

• Immunocytochemistry 


nrZ'f/'f 


100 ug 


$355 


Human TfR 


None 


Monoclonal mouse IgG,, clone # 29806 


• Flow Cytometry 


MAB2474 


500 ug 


$295 


Human TfR 


APC 


Monoclonal mouse IgG,, clone # 29806 


• Flow Cytometry 


FAB2474A 


100 Tests 


$305 


Human TfR 


PE 


Monoclonal mouse IgG,, clone # 29806 


• Flow Cytometry 


FAB2474P 


100 Tests 


$270 


6 ELISA & 


Activity Assay Kits 










Analyte 


Sample Types 


Sample Sensitivity Range 
Requirement 


Catalog # 


Size 


Price 


Human sTfR 

Quantikine IVD* 
Colorimetric 
Sandwich ELISA 


• Serum 20 uL <0.5nmol/L 0-80nmol/L 

• Citrate, EDTA and Heparin 
Plasma 


DTFR1 


1 Plate 


$495 



*For In Vitro Diagnostic Use. This product was manufactured in a plant whose quality management systems is certified to ISO 13485: J 996/CMDCAS. 

TGF -a (Transforming Growth Factor alpha) 

~n " a » S * ™ ember °! the EGF fami| V of cytokines. Membrane-bound pro-TGF-a is biologically active and seems to play a role in mediation of 
cell-cell adhesion and in juxtacrine stimulation of adjacent cells. Expression of TGF-a is widespread in tumors and transformed cells. TGF-a is also 
expressed in normal tissues during embryogenesis and in adult tissues, including pituitary, brain, keratinocytes and macrophages. Mature human 
ibr-a shows approximately 93% amino acid sequence identity with mouse or rat TGF-a and is not species-specific in its biological effects. 
Activity is tested using the following assay: 

1 . Measured by its ability to stimulate 3 H-thymidine incorporation in a mouse fibroblast cell line, Balb/3T3 (Marquardt, H. era/., 1 984, Science 223: 1 079). 

^ Proteins 



imp. • 



Protein 



Form 



Source 



Activity 



Catalog # 



Human TGF-a 



Lyophilized without £ co//-expressed The ED 50 is typically 0.1 - 0.4 nq/mL 
a carrier protein 



Antibodies 



239-A-100 
239-A-500 



Size Price 



100 pg 
500 ug 



$315 
$990 



Analyte 



Label 



Type 



Applications Catalog # 

• Recommended o Other 



Size Price 



Human TGF-a None 



Human TGF-a specific polyclonal goat IgG • Neutralization 

• ELISA Capture 

• Western Blot 

• Immunocytochemistry 



AF-239-NA 



100pg $355 



Human TGF-a Biotin 



Human TGF-a specific polyclonal goat IgG • ELISA Detection 

• Western Blot 



BAF239 



50 pg $380 
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TGF-g ELISA & Activity Assay Kits 



Analyte 



Sample Types 



Sample 
Requirement 



Sensitivity 



Range 



Catalog # 



Size Price 



Human TGF-a 

Quantikine 
Coforimetric 
Sandwich ELISA 



• Serum 

• EDTA and Heparin Plasma 

• Cell Culture Supernate 

• Breast Milk 



50 uL 



<7.10pg/mL 



15.6-1000 pg/mL DTGA00 



1 Plate $495 



ELISA Development Kits 



Analyte 



Recommended Range 



Catalog # 



Reagents for* 



Price 



Human TGF-a 

*Also available in 45 plate Economy Packs for $ 1390. 



7.8-500 pg/mL 



DY239 



15 Plates 



$645 



TGF-(3 Family (Transforming Growth Factor beta) 



TGF-pi was originally identified as a secreted, disulfide-linked homodirneric protein that induced a transformed phenotype in mesenchymal cells. 
It has since been recognized that TGF-01 is only one member of a superfamily of regulatory proteins consisting of a number of closely related 
proteins designated TGF-02 - 5, as well as a number of distantly related proteins that include the inhibins and activins, Mullerian inhibitory 
substance, the BMPs and GDFs, and the GDNF family. 

Activity is tested using the following assays: 

1 . Measured by its ability to inhibit mouse IL-4-dependent 3 H-thymidine incorporation by mouse HT-2 cells (Tsang, M.ef a/., 1 995, Cytokine 7:389). 

2. Measured by its ability to inhibit human TGF-01 -activity on mouse HT-2 cells (Tsang, M. etal., 1 995, Cytokine 7:389). 

«p Proteins 



Protein 



Human TGF-pi 



Form 



Source 



Activity 



Catalog # 



Lyophilized with a Human platelets The ED S0 is typically 0.04 - 0.1 ng/mL in assay 1 . 
carrier protein 



100-B-001 
100-B-010 



Size Price 



Human Latent Solution with a CHO-expressed The ED 50 is typically 20 - 60 ng/mL before acid 299-LT-005 5ug $285 

TGF-p carrier protein activation and 0.15-0.5 ng/mL after acid activation 299-LT-025 25 ug $795 

in assay 1. 



1 ug $285 
10 ug $1725 



Human TGF-pi 



Lyophilized with a CHO-expressed The ED 50 is typically 0.04 - 0.1 ng/mL in assay 1 . 
carrier protein 



240-B-002 
240-B-010 



2ug 
10 ug 



Porcine TGF-01 



Lyophilized with a Porcine platelets The ED 50 is typically 0.1 - 0.2 ng/mL in assay 1 . 
carrier protein 



101-81-001 
101-B1-010 



1 ug $250 
10 ug $1585 



Human LAP 
(TGF-pi) 



Lyophilized with a Sf 21 -expressed The ED 50 is typically 20 - 40 ng/mL in assay 2. 
carrier protein 



246-LP-025 



25 ug $355 



Human TGF-pl.2 Lyophilized with a Sf 21 -expressed The ED 50 is typically 0.04 -0.08 ng/mL in assay 1. 
carrier protein 



Human TGF-02 



Lyophilized with a NSO-expressed The ED M is typically 0.1 - 0.3 ng/mL in assay 1 
carrier protein 



304-B3-001 

302-B2-002 
302-B2-010 



1 ug $375 



2 ug $350 
10 ug $1140 



Porcine TGF-02 



Lyophilized with a Porcine platelets The ED^ is typically 0.1 - 0.3 ng/mL in assay 1 . 
carrier protein 



102-B2-001 



1 ug $360 



Human TGF-03 Lyophilized with a Sr*21 -expressed The ED 50 is typically 0.03 - 0.08 ng/mL in assay 1. 

carrier protein 



243-B3-002 
243-B3-010 



2 ug $325 
10 ug $1055 



Amphibian TGF-05 Lyophilized with a Sf21 -expressed The ED^ is typically 0.01 - 0.03 ng/mL in assay 1 
carrier protein 



245-B5-002 
245-B5-010 



2ug 
10 ug 



To order the carrier-free form, add 7CF" to the end of the catalog number (e.g., 245-B5-0 10/CF). 



These products are for research use only and not for use in humans. 
Proteins and Antibodies are available in bulk quantities. Please inquire. 
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